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Introduction 


0.1.  The  behavior  of  three-dimensional  boundary  layers 
in  laminar  Row  has  been  the  object  of  a  certain  number  of 
theoretical  and  experimental  studies,  which  lead — at 
least  for  predominantly  convex  obstacles  —  to  a  fairly 
good  possibility  of  predicting  the  essential  features  (veloc¬ 
ity  distribution,  stability  and  separation)  of  the  viscous 
How  over  finite  bodies  in  an  air  stream.  In  particular,  a 
research  group  of  ONERA  (France)  has  elaborated, 
since  1954,  a  method  of  theoretical  treatment  of  laminar 
boundary  layers  in  three  dimensions  which  permits  even 
numerical  computations  of  remarkable  accuracy,  cf.  [I],[2]. 

0.2.  This  method  is  based  on  two  essential  assum[»lions, 
which  restrict  to  a  certain  extent  the  choice  of  the  obstacles 
to  be  admitted  : 


0.5.2. 

flow 


It  can  easily  be  shown  (§  1.4.2.)  that  in  laminar 


cotg  Op  =  Cl 


A  -f  12 
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where  A  is  the  laminar  form  parameter  of  the  longi¬ 
tudinal  (•)  fiow,  calculated  after  Poiii.iial'sf.n,  and  Kp  the 

pressure  coefiicient  - - -  Cj  and  c,  are  constants,  the 

values  of  which  depend  on  the  geometry  and  the  position 
of  the  obstacle  : 


0.2.1.  The  viscous  fiow  diverges  appreciably  from  the 
inviscid  flow  on  the  edge  of  the  boundary  layer  only  in 
the  immediate  neighbourhoorl  of  separated-flow  regions 
on  the  body’s  surface  (principle  of  prevalence). 

0.2.2.  The  streamlines  of  the  flow  inside  the  boundery 
layer  have  well-defined  limiting  positions  for  n  — ►  0 
(n  =  distance  from  the  wall  of  the  obstacle).  These  limit 
ing  positions  will  be  called  "wall  streamlines”.  Except 
for  a  (normally  finite)  number  of  singular  points,  each 
point  of  the  body’s  surface  admits  one  and  only  one  wall 
streamline  (hypothesis  of  regularity). 

0.3.  The  first  of  these  two  assumptions  permits  a  reduc¬ 
tion  of  the  rank  of  the  system  of  Navikm-Stokes,  by  the 
introduction  of  curvilinear  coordinates  {s,  z)  based  on  the 
streamlines  of  the  inviscid  flow  (see  figure  O.I). 

The  second  of  these  assumptions  furnishes  a  psirticu- 
larly  useful  means  of  description  and  analysis  of  How 
configurations  on  the  surface  of  the  obstacle. 

0.4.  With  the  help  of  the  conception  of  "wall  stream¬ 
lines”,  the  trace  of  a  separated  area  on  the  body  surface 
(“separation  line”)  can  be  de.scribed,  in  laminar  flow,  as 
a  limit  of  wall  streamlines  (and  therefore  as  a  —  singular  — 
wall  streamline  itself). 

0.4.1 .  Such  a  singular  wall  streamline  passes,  by  necessity, 
through  a  point  of  divergence  (“separation  point”),  i.e.  a 
singular  point  admitting  at  least  nco  wall  streamlines. 

0.4.2.  Its  determination  is,  therefore,  possible,  if  one 
disposes  of  a  formula  characterizing  the  wall  streamlines 
analytically.  Starting  from  a  separation  point  (necessary 

condition  :  =  0,  where  V  is  the  flow  vector  inside  the 

boundary  layer;  the  index  p  indicates  here  and  later  on 
the  conditions  at  the  wall  —  in  French  "paroi”,  n  =  0  — ), 
one  can  find  by  a  step-by-step  process  the  singular  wall 
streamline,  i.e.  the  separation  line. 

0.5.  The  required  analytical  formula  has  been  given  by 
OcDAKT  in  195G  (see  [3])  : 

0.5.1.  If  we  call  0  (n)  the  angle  between  the  direction  of 
the  flow  at  the  outer  edge  of  the  boundary  layer  and  the 
direction  of  the  flow  inside  it  at  a  distance  n  from  the  wall, 
the  value  0,  =  0  (0)  characterizes  the  direction  of  the  wall 
streamline  passing  by  a  given  point  (s,  ;)  of  the  surface. 


We  find  for  instance  c,  =  0  for  obstacles  having  a  plane 
of  .symmetry  with  respect  to  the  oncoming  flow;  we  find 
r,  —  0  for  all  kinds  of  ellipsoids. 

Cl  is  a  universal  constant  which  depends  on  the  degrees  /r, 
and  A'l  of  the  polynomials  representing  longitudinal  and 
transversal  flow.  For  A-,  =  A,  =  4.  as  usual  in  thePoiiLiiAn- 
sEx  method,  we  find  ci,  =  1. 

0.5.3.  This  theory  allows  very  farreaching  predictions 
for  the  flow  configuration  e.g,  on  a  flattened  ellipsoid 
with  incidence,  predictions  which  have  been  checked  and 
confirmed  by  experiment  [3],  [4]  (•*).  It  can  therefore  be 
considered  as  well  established  and  consistent  with  the 
physical  reality. 

O.C.  The  laminar  problem  thus  being  solved,  it  seems 
worth  while  lo  try  an  analogous  treatment  of  the  turbulent 
case. 

Unfortunately,  even  in  two-dimensional  fiow,  the  turbu¬ 
lent  boundary  layer  admits  no  analytical  representation 
in  a  simple  form  which  would  be  equally  valid  near  the 
wall  (i.e.  for  friction  and  separation  phenomena)  and 
towards  the  outer  edge. 

A  purely  theoretical  treatment  of  the  three-dimensional 
turbulent  boundary  layer,  as  in  the  laminar  c.ase,  there¬ 
fore  seems  —  at  least  for  the  moment  —  impossible; 
experimental  evidence  will  be  needed  to  a  far  greater 
extent  to  guide  the  theory. 

0.7.  The  BTZ  (Bureau  Technique  Zborowski,  Brunoy, 
France)  made  in  1958/59  a  series  of  experimental  and 
theoretical  investigations  in  order  to  improve,  by  a  suit¬ 
able  adaptation  of  the  leading  edge,  the  behavior  of  ring 
airfoils  at  high  lift  coefficients  [5]. 

0.7.1.  It  was  found  that  the  unsatisfactory  form  of  the 
lift-drag  polar  at  higher  incidences  was  chiefly  due  to  the 
development  of  an  important  separation  bubble  forming, 
on  the  upper  side  of  the  airfoil,  behind  the  leading  edge. 


(•)  i.e.  in  (lireclion  of  tlie  slreatnlincR  at  llic  outer  edge  of  tlie 
boundary  iaycr;  the  corresponding  normal  direction  defines  the 
"crossllow”  or  “transversai"  fiow. 

(••)  In  particuiar,  a  very  characteristic  change  with  incidence 
of  the  fiow  configuration  and,  consc<iuentiy,  the  e.xistence  of  a 
"criticai  inciilcnee”  lias  been  correctly  predicted. 
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0.7.2.  As  a  parlicularly  unfavorable  conOguralion,  there 
has  been  disclosed  the  completely  stalled  flow  over  the 
upper  side  of  the  ring  airfoil,  after  reunion  of  this  leading- 
edge  separation-bubble  wfth  the  spreading  trailing-edge 
separation,  at  a  precise  (the  “critical”)  incidence. 

0.7.3.  In  order  to  combat  this  phenomenon  and  to  pre¬ 
vent  (or  push  back  to  higher  incidences)  the  reunion  of 
the  two  separated  regions  on  the  ring  airfoil,  it  proved 
necessary  to  undertake  a  more  detailed  theoretical  and 
experimental  study  of  the  features  —  and  if  possible  of 
the  means  of  determination  —  of  these  sejiarated  regions. 
0.8.  Now,  the  concerned  area  of  viscous  flow  over  the 
upper  side  of  the  ring  airfoil  —  in  the  wake  of  a  leading- 
edge  separation-bubble  —  is  a  region  of  reattached  and 
fherefore  predominantly  ♦  turbulent  How. 

0.8.1.  Thus,  HTZ  was  led,  by  this  problem  of  practical 
engineering,  to  a  closer  investigation  of  the  behavior  and, 
if  possible,  of  fhe  determination  of  (low  configurations  in 
Ihree-dimensional  turbulent  boundary  layers  with  regions 
of  reattiichment  and  of  separation  of  the  flow. 

0.8.2.  This  investigation  has  been  made  possible  thanks 
!o  the  sponsorship  of  the  Office  of  Naval  Research  of  the 
I’niled  .'states,  sponsorship  which  permitted  a  careful 
analysis  of  the  jiroblcm.  The  theoretical  work  and  its 
coordination  witli  experiments  have  been  assumed  by 
ItTZ:  the  experimental  work  has  been  exei-iited  in  the 
“Lahoratoire  de  .Meeaniqiie  des  Fliiides”  of  the  I’niversily 
of  Poitiers  (France). 

0.0.  The  research,  very  naturally,  comprises  three  phases : 

0.0.1.  I’hase  I  :  .\nalysis  of  the  general  features  of  three-di¬ 
mensional  turbulent  boundary  layers  and.  in 
particular,  of  the  role  of  well  streamlines  in  the 
behavior  of  a  turbulent  viscous  flow  over  finite 
bodies. 

Establishment  and  conind  of  a  suitable  analy¬ 
tical  expression  for  these  wall  streamlines  : 
Eliapler  I  of  this  rejiort. 


(*)  Kri’ion.s  (it  iiiiirc  nr  less  l■^l('lllll■ll  nmiiiiar  ri'nllacliiiiciit  may 
lie  nliserved  near  ttie  corners  of  llie  leailina-edi'e  IniliMe.  wlierc  llie 
cnrres|ioncliii!t  l{eynolils  iiiiiiiImt  is  tielow  llie  erilieal  value  '•.'lO. 

ef.  Si!  a.lii.-:.-:.?  ami  .■l.l-’.l.  lie.  ;;.l;i  ami  iilmtos  AT.  As.'itT. 


0.9.2.  Phase  2  :  Study  of  characteristic  configurations 
(reattachment  and  .separation)  and  their  inter¬ 
pretation  with  the  help  of  the  wall-streamlines 
concept. 

Experimental  confirmation  of  this  interpre¬ 
tation  by  visualization  of  wall  streamlines  in  the 
critical  regions  :  Chapter  2. 

0.9..S.  Phase  3  :  Application  of  the  results  of  the  two 
foregoing  phases  to  the  numerical  determination 
of  the  viscous  turbulent  flow  over  ring  airfoils 
of  different  aspect  ratios. 

Determination  and  calculation  of  the  critical 
incidence  as  contact  of  separated  areas  at  leading 
and  trailing  edge  for  the  considered  airfoils. 

Extrapolation  of  the  results  to  wings  of  infi¬ 
nite  asjiect  ratio  (plane  wings)  and  confrontation 
with  already  existing  measurements  on  these 
latter  :  Chapter  3. 

0.10.  The  theory  could  be  brought  to  a  fairly  close  agree- 
meht  with  the  experimental  work  presented  in  this  report. 
The  shortcomings  are  to  be  attributed  to  the  present 
state  of  knowledge  :ibmit  turbulent  viscous  (low  in  general. 

In  the  conclusion,  an  apjiroach  to  this  latter  problem, 
at  least  on  the  scale  of  engineering  demands,  will  be 
sketi-lied  out  for  future  investigations. 

O.II.  The  author  wishes  to  tluink,  for  valuable  help  in 
his  work,  the  stall  of  HTZ  iinil  in  particular  .Mr.  .Serge 
.\xcioi.KTTi  iiml  .Mr.  Rolf  II  ki.i.kiistiiom.  The  experimental 
part  has  been  execiiled,  with  skill  and  tenacity,  by  .Mr.  S'ves 
(JiiKi.i.iKii,  .\ssistant  at  the  Faculty  of  Sciences  of  the 
I'niversily  of  Poitiers. 

For  criticiil  and  construclive  discu.ssions  of  the  various 
problems.  Hie  author  is  deeply  indebterl  to  Dr.  J.  .1.  Cou- 
xisH  (.Mi.ssi.ssippi  Stale  I'niversity),  Dr.  D.  C.  IIaze.v 
(Princeton  I'niversity),  Dr.  M.  0.  .Newman  (Mac  Gill  Uni¬ 
versity)  iind  Dr.  1.  II.  C.  Nic.hoi.i.  (Laval  University). 

The  author  wishes,  last  but  not  least,  to  jicknowiedge 
the  heliifiil  interest  and  the  stimulating  em-ouragement 
of  Dr.  O.  1?.  Matthews,  I.CDR  .\.  V\n  Ti.vi.  iind 
-Mr.  T.  Wii.soN  of  the  Ollice  of  Njival  Research. 
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Wall  Streamlines  in  Turbulent  Flow 


1.0.  In  the  wnll-tienr  portions  of  turbulent  boundary 
layers,  Ihe  condition  of  non-slip  at  the  wall  —  equally 
valid  for  the  main  flow  and  for  the  turbulent  fluctuations 
(//',  c',  tc')  —  lead.s  to  «'  ~  c'  ~  <c'  0.  The  flow  therefore 

shows,  in  the  neifthboiirhood  of  the  wall  of  an  obstacle, 
the  behavior  and  the  features  of  a  laminar  layer.  It  is 
called,  consequenll.v,  the  “laminar  sublayer”. 

Wall  fridion  and  related  phenomena,  as  separation  and 
reatlachmenl,  are  located  in  this  sublayer  and  therefore 
ruled  by  its  properties.  The.v  will  then  obey  analogous 
laws  as  in  Ihe  case  of  laminar  boundary  layers.  In  partic¬ 
ular.  they  will  find  their  exprc.ssinn  in  a  similar  behavior 
of  Ihe  viscous  streamlines  .as  «  approaches  /.ero. 

1.1.  .\s  in  the  laminar  case  —  and  with  the  .same  con¬ 
sequences  —  we  can  therefore  make  the  following 
hypotheses  : 

1.1.1.  The  viscous  flow  diverges  appreciably  from  the 
invLscid  Ihiw  on  Ihe  edge  of  the  boun<l:iry  layer  onl.y  in 
Ihe  immediale  neighbourliood  of  seiiaraled-llow  regi<ins 
on  Ihe  surface  of  an  ohslacle  (principle  of  prevalence). 

1.1.2.  The  streamlines  of  the  How  inside  Ihe  boundary 
layer  have  welldelined  limiting  positions  for  «  — ►  0, 
wiu<h  will  be  called  “wall  streamlines"  (hypothesis  of 
regularity!. 

1.2.  .\s  a  mere  inferenee  from  Ihe  assumption  of  a  lami¬ 
nar  sublayer  on  Ihe  surface  of  an  (d).slacle,  Ihe  second 
hypothesis  in  particidar  needs  an  ex[)eriinental  confirma¬ 
tion.  which  has  been  at  templed  in  the  low-speed  wind- 
tunnel  of  HilTel-Ty()e  at  I’oitikhs  (*)  on  a  wooden  model  of 
an  ellip.s<iid  of  revoliilion. 

1.2.1.  This  model  with  an  axis  ratio  of  I  :  fi  anti  a  great 
axis  of  2  III  has  been  (lUt  at  Ihe  I.aboratoire's  disposal  by 
Ihe  ONKH.\.  The  invi.scid  How  over  it  can  be  analytically 
determined,  for  all  incidences,  according  to  [r.J;  for  an 
iniddence  of  i  10",  this  di'lenniiialion  has  been  numer¬ 
ically  executed  in[l].  The  boundary-layer  theory  provided 
already,  for  this  case.  Ihe  lines  of  laminar  sejiaralion  and 
of  transition,  cf.  i:i]. 

1.2.2.  .\t  an  air  sjieed  of  't.j  in  /s  and  therefore  a  Heynolds 
number  of  ~  G.IO*.  the  Iransilion  line  is  located  —  at 
least  on  the  Hanks  and  on  the  underside  of  the  obstacle  — 
ujistream  from  Ihe  laminar  separation  line.  .\n  appreciable 
jiorlion  of  the  viscous  How  over  Ihe  body  will  therefore  be 
turbulent:  separation  will  occur,  in  these  regions,  still 
farther  downstream  than  in  Ihe  laminar  case,  turbulent 
How  being  less  im-lined  to  separate. 

I.:{.  The  wall-near  How  in  this  regi  >ii  of  undoubledly  tur¬ 
bulent  boundary  layer  has  lieeii  visualized  by  a  mixture  of 
petroleum  and  magnesium  carbonate;  after  evaporation 
of  the  petroleum,  the  magnesium  carbonate  shows,  in 
white  lines  on  the  (lilack)  wall  of  the  ellipsoiii,  the  inlegnd 
curves  of  the  directional  field  at  the  wall. 

The  results  of  these  tests  are  represented  /?g.  t.l.  —  l.tf.  : 

l..■{.l.  Fig.  I.I.  shows  a  side-view  of  Itie  elli[»soi<l's  rear 
part  at  i  ^  10".  The  white  lines  clearly  indicate  a  well- 
oq;anized  How  along  the  wall  on  Hanks  and  underside  of 


(•)  I.iilioraloirc  clc  .Mecaiiii|Nc  <lcs  Kliiides.  Tlie  clijiriiclerislifs  itf 
lliis  liimicl  are  :  , 

cireiilar  lest  seeliiin  of  v’.'iO  in  leii"lli  amt  l./O  tii  illatiieler.  I  lie 
ransre  of  air  speeil  varies  from  '.’s  m /s  to  .'lO  m /s;  Hie  ileirree  of 

-Y/Jt  (»'■  <  I-’  -f  w'») 

llirlillleliee  i.s  - ^ ~  I  "t. 


the  obstacle,  forming  a  system  of  weii  established  wall 
streamlines,  comparable  in  character  with  those  in  laminar 
How. 

On  the  upper  side,  an  area  of  separated  flow  can  easily 
be  detected;  it  is  delimited  towards  the  “sound”  (i.e.  non- 
separated)  flow  over  the  flanks  by  a  sharply  drawn  demar¬ 
cation  line. 

Outside  the  separated  area,  even  close  to  the  demarcation 
line,  the  wall  streamlines  are  only  very  little  curved; 
moreover,  they  have  obviously  the  direction  of  the  flow 
outside  the  boundary  layer. 

The  two  hypotheses  of  §S  1.1.1.  and  1.1.2.  are,  therefore, 
clearly  fulfilled,  at  least  outside  the  separated  area  on  the 
top  of  the  ellipsoifl. 

1.:i.2.  Fig.  1.2.  is  a  view  of  the  separated  area  on  the 
upper  >ide  of  the  rear  of  the  body,  seen  from  above. 

The  demarcation  line  (cf.  fj  l.fl.l.)  can  bo  clearl.v 
observed:  it  separates  the  sound  boumlary  layer  with 
its  very  straight  (turbulent)  wall  streamlines  from  an 
inner  region  with  equally  organized  but  much  slower  (and 
therefore  proliably  laminar)  How. 

.Nevt-rDieless,  in  this  inner  region  ton,  wall  streamlines 
•  an  easily  lie  deleclefl.  Itul,  in  conformity  with  [2], 
fig.  in.n.  Ihese  (laminar)  wall  streamlines  are  considera¬ 
bly  more  swept  than  the  turbulent  ones.  We  shall  return 
to  this  slalcment  later  on  (§  I.G.I.). 

The  streamlines  them.selves  being  indistinguishable  from 
one  anollier.  we  retain  from  this  observation  a  practical 
criterion  for  regions  of  laminar  or  of  turbulent  flow  ;  The 
sweep  of  the  wall  streamlines  is  considerably  more  imjior- 
tant  in  zones  with  laminar  flow. 

We  shall  find,  in  §  I.G.,  not  only  further  evidence  con¬ 
firming  this  criterion,  but  oven  an  analytical  explanation 
for  tlie  fad  itself. 

t.H.H.  Fig.  I.ii  is  a  three-quarter  view  from  behind  on  the 
line  of  demarcation  between  the  sejiarated  area  and  the 
“sound”  boundary  layer.  Kxcepl  for  a  slight  irregularity 
in  the  shape  of  the  demarcation  line  (provoked  by  the 
supporting  stem  of  the  ellipsoid),  this  line  proves  to  be  a 
limit  of  wall  streamlines  from  both  sides  and  is  therefore 
a  wall  streamline  itself. 

.\l  its  approach,  the  other  wall  streamlines  become 
tangent  to  it,  as  they  should;  on  the  turbulent  side,  this 
takes  place  rather  abruptly  and  only  at  the  last  moment 
_ it  phenomenon  whicti  can  equally  be  observed  in  fig.  I.I. 

I.^i.  It  appears,  from  these  experiments,  to  be  beyond 
anv  doubt  that  wall  streamlines  not  only  exist  in  turbulent 
flow  (hypothesis  2),  but  have  —  even  more  markedly  than 
in  the  laminar  case  —  the  property  of  forming  very  small 
angles  with  the  inviscid  How  at  the  outer  edge  of  the 
boundarv  laver,  except  for  the  immediate  neighbourhood 
of  a  sefiarated  area  on  the  obstacle  under  considera¬ 
tion  (hyiiolhe-sis  I). 

l.'i.I.  This  confirmation  of  the  “principle  of  prevalence” 
in  turbulent  How  has  an  important  consequence  for  the 
numerical  determinalioii  of  the  form  parameter  of  the 
turbulent  boundarv  layer  :  We  can  apply,  as  in  laminar 
flow  (see  [I],  [.t]),  the  principle  of  prevalence  to  “stream 
strips”  (parts  of  the  surface  of  an  obstacle  comprised 
between  two  neighbouring  streamlines  of  the  inviscid 
How).  These  streamstrips  are  assimilable  to  bodies  of 
revolution  with  a  radius  developing  as  the  local  distance  e* 
of  the  constituting  streamlines  of  the  strip. 
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1. 4.1.1.  The  development  of  the  momentum-loss  thick¬ 
ness  Sf  of  the  turbulent  boundary  layer  along  such  a  stream- 
strip  can  then  be  calculated  with' the  help  of  TnucKEN- 
nnoPT’s  well-known  formula  ["]  for  bodies  of  revolution  : 


li 

b''  +  (i  "  LI,  1 

/f\“ 

««/ 

W' 

/< 

'j,y  H 

4 

'Jj  '  Kf, 

1.4. 1.2.  S.  once  known  by  this  exjiression,  we  can  apply 
one  of  the  semi-empirical  formulas  for  the  turbulent  form 
parameter  //,  e.g.  the  formula  of  Vox  Dof.nuoff  and 
Teteiivin  : 

S,  ^  ^ —  2,o:t5  (//  —  1 ,28fi)  I 

'  d.r  I  7  rf.r  J 

with  7  =  ^  ^  r 

In  this  formula,  only  Tj,  (wall  shear-stress)  is  stilt 
unknown;  a  first  guess  for  it  would  be  the  formula  of 
Fai.knkii  : 


1.4.I.4..1.  In  its  prc.scnt  form,  Johnston’s  method  cannot 
yet  be  employed  for  calculations  on  ring  airfoils;  we  are 
therefore  obliged,  for  a  first  analysis  attempted  here, 
to  retain  the  generalisation  of  Truc.kenbrodt’s  formula 
sketched  out  above  (§§  1.4. 1.1.  and  1.4.1. 2.). 

1.4.2.  In  the  laminar  case,  a  similar  application  of  Pohl- 
iiausen’s  method  to  the  streamstrips  (which  are  assimi¬ 
lated,  as  above,  to  bodies  of  revolution)  led  to  a  graduation 
of  the  surface  in  iso  A  lines  (A  =  Poiimiausen’s  form 
parameter). 

It  thus  became  possible  to  write  immediately  a  polyno¬ 
mial  exprc-ssion  for  the  longitudinal  How  : 

«  /'2-t-A\  rt  A  /ny  4  — A  /ny  ,  6  — A  /n\‘ 

f;,~\  r,  I  s  2  ‘  \s/  2  ■  \s/  r,  '  \s) 

an<l  another  for  the  cro.ssflow  : 

O’  S*  ip  I  ny  n 
IT,  ==  W^dT, '  iz\  s)  ■  s 

where  S  stands  for  the  (local)  boundary-layer  thickne.ss  in 
laminar  tlow.  W'ilh  the  help  of  these  polynomials,  one 
can  write 

cotg  0.  =  litn  - 

,  —  .1  H 

whence  the  formula  of  §  0.5.2. 


n  is  the  same  in  TRCc.KEXiiitoiiT’s  and  in  Fai.kxkr’s  for- 
iiuila.  For  n  =-  4,  we  have  a  -  0,0128;  for  n  —  0,  we  have 
a  ==  0,0065.  Practically  e(iuivalenl  to  Fai.kner’s  formula 
is  that  of  S(,u  IRE  and  Voi  xc  ; 


0,0288 


1.4. t.:!.  Later  on  (§:f.9.2.6.i  we  shall  see  that  this  proposed 
calculation  of  is  too  simple  (ami  too  much  impregnalert 
with  Iwo-dimensionulily)  to  operate  in  cases  with  regions 
of  very  strong  cro.ssllow.  as  it  occurs  on  ring  airfoils. 

In  the  case  of  ellif).soids  at  moderate  incidences,  the 
outcoming  values  of  //  are  acceptable,  EfTecluated  stream- 
strip  by  slreamstrip,  this  computation  then  leads  to  a 
graduation  of  the  whole  surface  of  the  ol>sla'-le  with  iso-11 
lines. 

1.4. 1.4.  Two  recent  juiblicalions  of  J.  P.  Johnston  ([16], 
[17])  seem,  however,  to  indicate  that  tor  obstacles  witli 
considerably  skewed  streamlines  of  the  potential  flow, 
this  method  is  insufficient. 

1.4. 1.4.1.  lie  develops,  for  skewed  llow-con figurations 
on  filane  surfaces,  a  method  which  is,  at  least  in  principle, 
more  pertinent  for  these  cases,  but  which  does  not  imme¬ 
diately  apply  to  curved  surfaces;  imieed,  both  the  discus¬ 
sion  of  his  work  (cf  [16])  as  well  as  our  own  calculations 
show  that  such  a  generalisation  must  be  made  more  care¬ 
fully  than  indicated  by  Johnston. 

1.4. 1.4. 2.  Nevertheless,  the  general  idea  of  his  work 
seems  to  explain  at  least  a  part  of  the  difliculties  mentioned 
in  §§  :!.9.2.5.  and  4.2.  and  will  lead,  by  a  felicitous  a|)pli- 
cation,  to  a  pertinent  definition  of  four  parameters  for 
the  primary  (//,)  and  secondary  (//j)  turbulent  How  in 
three  dimensions.  This  will  be  iinderlaken  in  a  further 
study  now  under  way. 


(•) 


-[/rife)  (£)'^(t)] 


(•„  =  local  wall-fricllon  cocrilcictil  of  the  Hat  |»lale 
(  c,i  III  laminar,  r„  in  Inrliiilcnt  How) 

■Vi  =  traiisilioii  point,  J/,  =  radiii.s  of  rcriTcnci*. 

In  a  .slreamstrip,  we  replace  .t  hy  s  ami  /{ (x)  ny  e,  (s). 


1.4.9.  It  would  therefore  seem  that  an  iinalogous  compu¬ 
lation  should  lead,  in  turbulent  How,  to  an  ex[>rcssion  of 
i-otg  0,  in  terms  of  //. 

rnforliinately,  the  general  (power  or  logarithmic)  laws 
for  turbulent  [irofiles,  on  which  the  definition  of  //  is 
implicitly  based,  tire  not  viilid  in  the  laminar  sublayer. 

.Moreover,  the  crossHow  firofile  in  turbulent  boundary 
layers  is  clejirly  not  of  ))ower  (nor  logarithmic)  character. 

Thus,  no  analytical  deduction  of  a  cotg  0,  formula 
for  turbulent  wall  streamlines  will,  in  a  near  future,  be 
possible. 

1.4.4.  We  iire  therefore  obliged  to  make  a  reasonable 
hy|iothesis  on  the  |>rosumabIc  form  of  the  cotg  0„  for¬ 
mula;  the  conseiiuences  of  such  a  formula  will  be  discussed 
and  must  be  verified  by  exjieriment. 

.^uch  a  reasonable  hypothesis  may  spring  from  a  careful 
analysis  of  the  physical  meaning  of  the  laminar  formula; 
the  turbulent  formula  should  then  be  built  up  in  analogy 
to  the  laminar  one. 


1.5. 
5  6- 


To  this  effect,  we  write  the  laminar  formula  of 
,2.  in  a  slightly  more  general  form  ; 


cotgO,,  =  Ci  . 


'•i 


c 


j 


1.5.1.  It  seems  reasonable  to  su)>i)Ose  that  the  (piotient 


a  A', 


expressing  (especially  for  c,  —  c,  =  0  as  in  the  ellipsoid 
case)  the  ratio  of  the  longitudinal  and  transversal  pressure 
gradients  and  therefore  the  inlluence  of  the  potential 
How  outside  the  boundary  layer  on  its  stability  ♦,  has  a 


(*)  Kiciiki.iikk.n.nkii  and  .Micmki.  |.s|  have  sliuw'ii  that  the  i|iio- 
tient  Idavs  a  major  role  not  only  in  prol)lem.s  of  tainlnnr 

seiiaralion.  hut  atso  tor  that  ut  transition  to  turhnlent  How. 
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significance  which  is  not  restricted  to  laminar  flow.  We 
conserve,  thus,  this  quotient  as  essential  factor  in  the 
turbulent  cotg  6,  formula. 

1.5.2.  The  linear  form  A  —  A,  plays,  in  laminar  flow, 
an  essential  rdl?  for  the  separation  in  a  symmetry  plane  : 

Inde  ‘d,  here  Op  must  be  either  0  or  the  second  value 

has  a  physical  meaning  only  c'  the  separation  point  (in 
the  symmetry  plane)  itself.  Normally,  we  have  thus 
cotg  Op  =  00,  which  corresponds  to  the  fact  that  c,  =  0 
^  K 

and  =  0  for  reasons  of  symmetry  (cf.  §  2.8.  of  the 
Isl  Scientific  Report). 

1.5. 2.1.  In  order  to  insure  at  the  separation  point  a 

value  Op  =  the  numerator  of  cotg  Op  must  disappear, 

which  normitlly  *  cannot  be  obtained  by  the  expression 

—  c,.  Thus,  A  —  A,  has  to  disappear.  Now,  in  two-di- 
os 

mensional  or  locally  twe  dimensional  How  (as  in  a  symmetry 
plane),  we  have  A  —  —  12.  In  order  to  make  disappear 
A  —  at  separation,  we  have  to  choose  A,  =  —  12. 

1.5. 2. 2.  Applying  the  same  reasoning  to  the  turbulent 
case,  we  should  replace  A  —  Ai  by  a  linear  form  H  —  //,, 
where  //,  is  the  value  of  If  at  two-dimensional  separation, 
i.e.  //,  ~  2. 

In  §  3.9.2.“.  will  be  discussed  an  objection  against  the 
hypothesis  that  in  turbulent  flow  the  symmetry  plane 
always  shows  two-dimensional  (low  features.  This  may 
influence  the  value  of  //,.  Here  we  will  admit  this  hypoth¬ 
esis  without  discussion. 

1 .5. .3.  A  similar  role  is  assumed  by  the  linear  form  A  — 
in  the  denominator  :  In  the  case  of  the  ellipsoid,  we  have 
c,  =  0.  .Moreover,  there  exists  (cf.  ['i],  C  2)  a  curve  of 

'^K 

absolute  speed  maximum  on  its  surface  having  =  0. 

VS 


at  different  ct  values  and  observations  on  ellipsoids 
(as  in  fig.  1.1  —  1.3)  as  well  as  on  a  ring  airfoil  of  aspect 
ratio  X  =  /,//>  =  1,  at  £  =  15”  incidence. 

The  second  case  has  already  been  mentioned  in  the 
2nd  Quarterly  Technical  Report  (figure  3;  fig.  1.4  of  this 
report).  Comparison  with  fig.  1.5  (experimentally  obtained 
configuration  of  wall  streamlines)  gives  ct  between  0,5 
and  0,7. 

In  a  still  unpublished  thesis  at  Poitiers,  Y.  Grellirr 
has  checked  these  values  in  the  case  of  the  ellipsoid  of 
revolution.  He  found,  in  fair  agreement  with  the  foregoing 
values,  Ct  "v  0,7.  This  latter  value  will  be  adopted  by 
us  for  all  following  considerations. 


1.5.5.  From  the  foregoing  analysis,  a  formula 

5/r, 


cotg  Op  =  0,7 


H 


Ds 

//  —  1 ,286 ' 

Us 


seems  to  be  the  most  promising  generalization  of  the  lami¬ 
nar  expression  of  §  0.5.2.  for  wall  streamlines. 

As  in  the  laminar  case,  we  have  c,  =  0  for  obstacles 
with  a  symmetry  plane,  whereas  Cj  depends  on  the  kind 
of  obstacle  chosen. 

For  ellipsoids  we  have,  in  virtue  of  the  considerations 
of  §  I  ..5.3.,  c,  —  0. 

In  the  case  of  ring  airfoils,  which  we  shall  analyze  later 
on,  we  find  c,  0.  The  value  of  c,  depends,  in  this  case, 
0.1  the  aspect  ratio,  the  incidence  and  (probably)  the  Rey¬ 
nolds  number. 

1.6.  The  propo.sed  formula  of  §  1.5.5.  can  be  checked  by 
another  comparison:  That  of  the  already  mentioned 
(§  1.3.2.)  difTerence  between  laminar  and  turbulent  wall 
streamlines. 

1.6.1.  Indeed,  in  all  observed  cases,  the  laminar  wall 
streamlines  appear  considerably  more  swept  than  the 
turbulent  ones. 


1. 5.3.1.  On  such  a  line,  no  separation  can  tak.'  place; 
Iherefore  0,  and  colg  0,  ^  0.  The  vanishing  numerator 
"iK 

=  0  must  therefore  be  counterbalanced  bv  a  suffi- 
os 

ciently  strong  zero  of  Ihe  denominator,  whence  A  —  A,  =  0, 
A,  must  therefore  be  chosen  as  the  value  of  A  for  a  speed 
maximum  in  two-dimensional  flow,  i.e.  as  the  form  para¬ 
meter  of  a  flat  plate.  This  gives  A,  =  0. 

1.5.3. 2.  Once  more,  the  same  reasoning,  applied  to  the 
turbulent  case,  provides  //,  =  1,286  (value  for  the  flat 
plate  corresponding  to  a  power  profile  with  n  =  7). 

We  therefore  replace  A  —  A,  bv  a  linear  form  fl  —  //, 
with  //,  =  1,286. 


1 .5.4.  Finally,  a  “universal”  factor  ct  must  be  determined 
by  experiment.  This  has  been  carried  out  by  a  comparison 
between  wall  streamlines  computed  with  the  formula 


cotg  0 


P 


pt  • 


ay, 

//  —  2  as 
//  —  1 ,286  ■  a^ 
a; 


<^1 


(*)  In  the  Ciise  of  the  elli|isoi<l  we  liave,  el.  1 1 1,  e,  =  0  .anil 


ah'. 

a* 


^  0 


at  seiiaratinii! 


Now,  the  domain  of  variation  of  H  is  not  only  restricted 
to  the  narrow  interval  1,1  <  //  <2,  but  it  is  moreover 
well  known  (cf.  also  [2],  chapter  xxii,  b  3),  as  follows  — 
see  fig.  1.6  —  from  Vo.n  Doemioff  and  Tetervin’s 
formula,  that//  ~  1,4  until  immediatelv  before  separation. 
Thus,  0,7  •  //-2///-I,286  ~  —  4. 

On  the  contrary,  A  has  a  much  wider  domain  of  varia¬ 
tion,  -1-  12  >  A  >  —  12,  and  drops  (without  regions  of 
nearly  constant  value)  rapidly  towards  —  12.  Thus 
-f-  12 

—  oo  <  -  <0with  rapid  variation  for  0  >  A  > — 12. 

A 

1.6.2.  In  the  turbulent  cose,  cotg  0,  is  thus  over  the 
greatest  portion  of  the  non-separated  flow  region  nearly 
constant  and  (absolutely)  very  great;  0,  is  therefore  small 
and  the  corresponding  wall  streamline  straight  and  nearly 
parallel  to  the  outer  How. 

In  the  laminar  case,  cotg  0,  continuously  varies  from 
(absolutely)  great  values  to  very  small  values;  0,  thus 
undergoes  a  great  variation  long  before  separation  :  The 
laminar  streamlines  are  much  more  swept  than  the  tur¬ 
bulent  ones. 

1.6.3.  This  result  agrees  very  well  with  the  observations 
and,  in  particular,  with  fig.  1,1  on  the  one  side  and  fig.  10,13 
of  [2]  on  the  other  side. 

It  constitutes,  therefore,  a  fair  confirmation  of  the 
proposed  formula. 


2.  Separation  and  Reattachment  in  Turbulent  Flow 


2.0.  In  the  Inlrodiiclion  (§  O.'i.)  we  mentioned  one  of 
the  most  important  results  of  the  laminar  boundary- 
layer  theory  in  three  dimensions,  the  definition  of  the 
three-dimensional  separation  line  as  a  sinpular  wall  stream¬ 
line  (limit  of  an  infinity  of  regular  wall  streamlines) 
passing  through  a  point  of  divergence  (separation  point, 
.admitting  at  least  two  wall  streamlines  instead  of  one). 

2.0.1.  The  further  considerations  (in  particular  §  1.0.) 
make  it  obvious  that  the  main  mechanism  of  separation 
will  be  the  same  in  turbulent  flow.  A  mathematically  and 
physically  reasonable  definition  of  the  three-dimensional 
Separation  line  in  turbulent  flow  over  a  (predominantly 
convex)  body  seems  therefore  to  be  the  following; 


2.0.2.  The  (turbulent)  separation  line  on  a  (convex) 
finite  body  is  a  singular  wall  streamline  (limit  of  regular 
wall  streamlines  in  turbulent  (low)  passing  through  a 
point  of  divergence.  Such  a  point  is  defined  by  the  (only 


necessarv)  condition 


[in 


0  which  in  presence  of  a 


jdane  of  symmetry  on  the  obstacle 


0)  is  equivalent 


.as  in  laminar  flow  —  to  the  ilouhle  condition 


iz 


and  //  =  2. 


2.0.;t.  Once  the  potential  How  over  the  obstacle  known 
and  a  graduation  in  //  of  the  surface  established  by  the 
jirocedure  of  §  l.'i.t.,  the  intersection  of  the  two  (linear) 

systems  ^  —  o  and  K  -  2  <lefines  a  (normally,  i.e.  in 

all  non-degeneraled  *  cases)  finite  number  of  fioints 


It  is,  therefore,  easily  possible  to  discern,  by  considera¬ 
tion  of  the  wall-streamline  configuration  in  the  neigh¬ 
bourhood  of  this  finite  number  of  points,  the  points  of 
divergence  from  other  .singular  points  (e.g.  those  of  conver¬ 
gence). 


2. O.'i.  Beginning  in  such  a  point,  the  singular  wall  stream¬ 
line  (characterized  by  an  angle  ~  ^  in  this  point)  can 

be  calculaleil,  step-by-step,  with  the  help  of  the  turbulent 
analogue  to  Oi  haiit’s  formula  (see  §  l..'>.ri.)  : 


cotg  Op  -  0,7 


//  —  2 

//  —  l,2«6 


—  r 


2 


In  the  case  of  ellipsoids,  which  we  consider  first,  we 
have  c,  =  c,  =  0. 

2.0.5.  The  numerical  calculation  of  this  line,  in  the  case 
of  an  cHip.soid  of  revolution,  with  an  incidence  i  —  10", 
is  under  way  at  Boitif.iis  (part  of  a  still  pending  thesis). 


Experimental  results  of  lliis  case  are  already  available 
ami  are  shown  in  fig.  1.1  —  1.3. 

2.1.  We  find,  indeed,  in  these  pictures  not  only  a  good 
confirmation  of  the  concept  of  wall  streamlines  in  general 
{§  I.3.),  but  moreover  (cf.  [9])  an  experimental  proof  of 
the  validity  of  the  above  definition  of  the  separation 
line: 

2.1.1.  All  three  pictures  .show,  beyond  any  doubt,  a 
demarcation  line  between  an  outer  region  (“sound” 
boundary  layer)  of  turbulent  character  *  and  an  inner 
region  (“sejiarated  area”)  of  laminar  flow  (considerably 
more  swept  wall  streamlines). 

2.1.2.  This  demarcation  line  is  obviously  a  limiting  curve 
of  the  wall  streamlines  of  the  outer  (turbulent)  region  and 
therefore  itself  a  (singular)  .vail  streamline.  On  the  other 
hand,  this  line  is  the  frontier  of  the  inner  area  with  sepa¬ 
rated  flow  towards  the  sound  flow,  and  therefore  the 
separation  line  in  the  sense  of  1}  O.'i. 

2.1.2.  The  identity  of  the  line  of  separation  in  three- 
dimensional  turbulent  flow  and  of  the  singular  turbulent 
wall  streamline  formed  as  a  limit  of  an  infinity  of  regular 
wall  streamlines  is.  therefore,  experimentally  established 
in  a  very  satisfactory  manner. 

2.2.  Fig.  2.1  shows  schematically  the  configuration  of 
turbulent  wall  streamlines  near  the  symmetry  plane  of 
an  olistacle  at  the  approach  of  a  separated  area.  This 
part  of  the  flow  cannot  be  seen  on  the  fig.  1.1  —  1.3\ 
indeed,  for  the  test  Reynolds  number  of  ~  fi.IO',  the 
laminar  se|)aration  on  the  upper  side  of  the  ellipsoid  lakes 
place,  according  to  [8],  upstream  from  the  transition  line: 
transition  occurs  earlier  than  se|>aralion  only  on  the 
flanks  and  on  the  underside. 

Nevertheless,  the  visualisation  of  such  a  configuration 
has  been  jto.ssible  in  another  case,  sec  fig.  Dl  —  D3. 

2.2.1.  We  will  occasionally  call  (in  a  mathematically 
improper,  but  short  expression)  the  limiting  line  of  sejia- 
ralion  a  “forward  envelope”  of  turbulent  wall  stream¬ 
lines.  This  denomination  will  only  reveal  its  full  meaning 
later  (^  2.'i.5.).  For  the  moment,  it  describes  very  well 
the  movement  of  deviation  in  the  wall-near  boundary 
layer  when  the  viscous  flow  tries  to  avoid  a  region  of 
unfavorable  pre.ssure  distribution  on  the  obstacle. 


2.2.2.  The  separation  jioint  on  the  line  of  symmetry  is 

Ihe  intersection  (see  §  2.0.2.)  of  ^  =  0  and  //  =  2;  in 

i  z 


the  two-dimensional  case,  where  ^  es  0, 

o  z 


the  condition 


degenerates  and  the  separation  points  form  a  line  which 
coincides  with  Ihe  line  //  =  2.  Tliis  is  the  two-dimensional 
separation  “line”,  an  infinite  repetition  of  identical  sepa¬ 
ration  points,  as  it  should  be.  'I'he  two-dimensional  sepa- 


(•)  Only  ill  iiilriiisically  two-dliiiciislonal  ciisc.s  (Iniflles  of  revo¬ 
lution  willioiit  liiciileiice.  yaweil  liiniillc  cylinders  etc..),  do  we 
(liid  an  iri/iiii(e  iiiiinlier  of  such  points  wlileli  are,  however,  ef|uiva- 
lenl  to  each  another. 


(•)  The  region  is  located  downstream  tlic  transition  line  (caleu- 
laled  in  1H|)  for  the  Ileyiiolds  miinher  li.lO*  in  iniestion;  moreover. 
Ihe  straightness  of  the  wall  slreainlines  indicates  (ef.  J  l..'t.?.)  Inrlui- 
lelil  How. 


SEPAHATFON  AND  RBATTACHMENT  IN  TURBUF^ENT  FLOW 


ration  is  llnis  recognized  as  a  particular  case  of  tFiree- 
diinensional  separation,  ns  in  laminar  Flow  (cf  [3]). 

2.3.  In  tliis  two-dimensional  (tnrimlent)  case,  IFiere  exists 
a  complementary  configuration  to  tliat  of  separation; 
Tlie  realtacliment. 

2.3.1.  On  principle,  realtacliment  can  Fie  observed,  too, 
in  laminar  (low;  Iiowevcr,  laminar  reatlacFiment  plays  a 
minor  role  and  will  be,  for  the  moment,  left  aside;  faler 
on,  we  shall  find  a  particular  case  of  laminar  reattacli- 
menl  in  Ibree  dimensions  which  will  be  treated  in  §  3.11. 

2.3.2.  Realtacliment  suj»]ioses,  as  tlie  name  implies,  a 
foregoing  separation,  occurring  in  general  near  the  leading 
edge  of  a  profile  with  incidence,  in  particular  when  tliis 
leading  edge  has  a  small  radius  of  curvature.  We  then 
lind  a  liigh  negative  pressure  peak  immediately  beliind 
yie  leading  edge,  whicli  is  followed  liy  a  steep  iinfavoralde 
pressure  gradient  that  the  (generally  laminar)  lioiindary 
layer  cannot  stand. 

.\  subseqn<’nl  interval  of  nearly  imiforin  pressure  favors 
the  reattachment  of  tlie  separated  layer  which  is  generally 
jireceded  (or  at  least  accompanied)  by  transition  in  the 
layer,  indicated  on  the  pressure  curve  of  /?>>.  3.l!i  liy  a 
short  level  in  the  steep  rise,  see  ji  3.10.2.2. 

2.'i.  One  of  the  simplest  three-dimensional  cases  of  rcat- 
tachment  of  this  kind  can  lie  observed  on  the  upper 
(outer)  side  of  a  ring  airfoil  with  incidence. 

2.’i.l.  As  already  mentioned  (§  P.7.),  the  first  experi¬ 
mental  observations  were  made,  incidentally,  in  the 
course  of  an  investigation  on  leading  edge  adaptation, 
carried  out  ltt59  by  RTZ  [ii]. 

2.'«.2.  In  tlie  case  represented  pg.  tj  (.\  I.  profile 
N.\CA  00-000.  1  —  I'l”),  the  pressure  distribution  on  the 
upper  side  (calculateil  according  to  Weissixckh  flO], 
cf.  S  3. 1.),  has  been  checked  in  the  windtunnel  of  ISI,  *. 
The  result  is  represented  in  pg.  .3.3  : 

A  negative  pressure  peak  at  the  leading  edge  is  followed 
by  a  sleep  pressure  rise  which  causes  immediate  .sofiara- 
tion.  This  separation  is,  however,  limited  to  the  upper 
half  of  the  outer  side,  the  pressure  peak  on  the  lower  half 
of  the  ring  airfoil  being  localeil  on  its  irinrr  siilc. 

2. '1.3.  In  pg.  this  sefiaration  line,  nearly  parallel  to 
the  leading  edge,  can  be  seen  particularly  well.  Even  the 
well-known  pattern  of  wall  streamlines  at  the  aiiproach 
of  laminar  so(iaralion,  as  .sketched  in  pg.  2.2,  can  easily 
be  found  inside  the  narrow  strip  of  non-separated  How 
between  leading  edge  and  iiressiire  minimum. 

2.'i.i.  On  the  other  hand,  the  Mow  pattern  near  the 
trailing  edge  shows  a  well-attaclied  “sound”  turbulent 
boundary  layer.  The  fact  that  this  layer  is  really  turbulent, 
has  been  confirmed  by  the  considerations  of  ft  I);  we 
.vill  not  dwell  upon  it  here. 

Between  the  (laminar)  separation  at  the  leading  edge 
and  the  region  of  sound  (turbulent)  How  near  the  trailing 
edge,  there  must  neces.sarily  take  place  a  turbulent  realtach- 
inent  along  a  line  of  momentarily  unknown  character. 

2.'i.5.  However,  we  know  one  thing:  This  line  must 
form  the  limit  between  the  separated  area  behind  the 
leading  edge  and  the  sound  turbulent  boundary  la,vcr 
farther  downstream. 

2.'i..o.l.  Sue!!  a  limiting  line  can  indeed  be  found  on 
pg.  ].•>:  The  separated  area  of  roughly  heart-shaped  form 


(•)  “Inslit III  Kranro-.VIloinaiHl  tie  Uecherclifs  SrlenliOtUK's'', 
Ilaiit-Hliiii,  Kraiioe.  The  tunnel  Is  t»r  j^antltl-lype,  see  IJVl. 


and  organized  flow  in  its  interior  is  separated,  by  a  sharply 
determined  demarcation  line,  from  the  sound  boundary 
layer. 

2. 4.5. 2.  The  wall  streamlines  (visualized  bv  a  mixture 
of  petroleum  and  lamp  black  on  a  dull-white  surface) 
in  the  region  of  sound  flow  can  easily  be  followed  upstream. 

They  are  straight  until  very  close  to  the  heart-shaped 
separated  area,  where  they  bend  rather  suddenly  to  form 
a  well-marked  limit. 

2.4. 5.3.  This  limit,  which  will  be  called  for  the  sake  of 
brevity  (in  a  inalhemalically  improper  expression,  anal¬ 
ogous  to  that  of  §  2.2.1.)  a  “rearward  envelope”  of  wall 
streamlines,  is  a  (singular)  wall  streamline  itself. 

The  whole  configuration  is  obviously  the  inverse  of 
turbulent  separation;  indeed,  the  How  pattern  of  fig.  l.i 
could  as  well  be  “read”  in  the  opposite  sense  and  would 
then  constitute  a  remarkably  well-designed  separation 
picture. 

2. 4. 5.4.  The  singular  wall  streamline,  locally  indistin¬ 
guishable  from  other  wall  streamlines,  can  only  be  charac¬ 
terized  by  the  fact  t>f  passing  through  (at  least)  one  point 
of  ramification  on  the  surface.  This  point  has  the  character 
of  an  inverse  point  of  divergence  (“negative  separation 
point”  or  “point  of  reattachment”)  and  is  located,  in  the 
case  of  pg.  in  the  plane  of  symmetry  on  the  upper 
side.  Its  <‘on figuration  is  sketched  in  pg.  2..?. 

2. 4. 5. 5.  We  call  this  singular  wall  streamline  a  “realtach- 
tnenl  line”;  it  is  the  natural  generalization  of  the  two- 
dimensional  reattachment  and  —  as  such  —  the  inverse 
of  separation. 

2.5.  From  all  this,  we  can  draw  the  following  definition  : 
Tlie  reattachment  line  in  turbulent  How  is  the  rearward 

envelope  of  an  infinity  of  (regular)  wall  streamlines  and 
therefore  a  (singular)  wall  streamline  itself. 

It  pa.sses  through  a  point  of  reattachment  (necessary 

Condition:  — 

\0;i 

can  be  olitained  by  a  steii-)iy-.ste[)  integration  of  the 
formula,  for  cotg  0,,  in  ^  2.0.4. 

2.(1.  Nearly  all  figures  of  the  picture  series  .1,  H  and  C 
show,  under  •■•arioiis  i-onditions  to  l.e  analyzed  later,  the 
concliisivene.ss  of  the  above  definition. 

2.r>.l.  T)ie  real  problem  is,  in  general,  the  determination 
of  the  reattacliment  point,  from  which  Hie  determination 
of  a  reattachment  line  should  start. 

2.0.2.  We  di.scuss  this  ipiestion,  in  the  following  para- 
grafili.  for  tlie  particular  ."ase  of  an  obstacle  having  a 
]ilanc  of  symmetry  parallel  to  the  genera!  direction  of 
how;  this  plane  is  represented,  on  the  siiiTace  of  tlie  obsta¬ 
cle,  liy  a  symmetry  line.  ■ 

We  already  know  that  in  this  case  c,  —  n. 

2.7.  The  reattachment  lino  must  form,  by  virtue  of  our 

definition  in  S  2.5.,  an  angle  0,  ---  with  the  symmetry 

line  on  the  surface.  Ttius,  cotg  0^  must  he  equal  to  zero 
in  the  corresponding  reattachment  point,  i.e.  the  nomi¬ 
nator  of  the  cotg  Op  formula  must  vanish. 

a  A'. 

2.7.1.  We  therefore  find  eitlier //  =  2  or  =  c,. 

O.S 


on  the  surface  of  an  obstacle  and 
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Now,  //  =  2  is  cluiracteristic  for  a  Irailing-edge  separa¬ 
tion  and  therefore  excluded  in  the  reattachment  point 
which  is  by  necessity  located  upstream  the  (turbulent) 
separation  near  the  trailing  edge. 

2.7.2.  The  condition  for  reattachment  in  the  symmetry 

^  IC 

plane  is  thus  given,  necessarily,  by  =  Ci.  The  problem 

of  determination  of  the  reattachment  point  is  thus  trans¬ 
formed  into  that  of  finding  c,. 

2.8.  We  already  know  that  c,  depends  on  the  geometrical 
and  aerodynamical  configuration  of  the  obstacle,  i.e.  on 


its  form  and  incidence,  possibly  too  on  the  Reynolds 
number. 

But  no  general  statement  can  be  made  except  that  the 
choice  of  c,  must  ensure  the  “unicity”  of  the  reattach- 
inenl  point.  We  shall  see  that  this  condition  is  indeed 
sufficient  in  the  case  of  ring  airfoils,  which  will  be  treated 
in  the  following  chapter;  cf.  too  the  1st  Scientific  Report. 
2.9.  A  short,  but  exhaustive  survey  of  the  problems 
treated  in  this  chapter  may  be  found  in  a  recent  French 
publication  of  the  author  [12].  In  particular,  the  location 
and  interpretation  of  the  leading-edge  separation  has  been 
amply  discussed  in  this  paper,  so  tliat  we  do  not  need  to 
insist  here  on  this  particular  point,  which  has  also  been 
mentioned  in  the  :frd  Quarterly  Report. 


3 


Separation  and  Reattachment  on  Ring  Airfoils 


3.0.  As  already  mentioned  (§  one  of  the  simplest 

cases  where  three-dimensional  leading-edge  separation 
occurs  is  that  of  a  ring  airfoil  at  incidence,  having  a  profile 
with  sharp  nose  radius. 

3.0.1.  Such  a  profile,  chosen  in  former  investigations  {.">], 
is  the  symmetric  laminar  profile  N.\C.\  Gfi-OOfi. 

-MI  ring  airfoils  in  the  following  considerations  and 
tests  have  therefore  been  equipped  with  this  profile,  in 
order  lo  reduce  the  work  of  computation  and  lo  facilitate 
comparisons  with  previous  results. 

3.0.2.  King  airfoils  have,  in  addition  to  their  simplicity 
of  configuration  and  construction,  the  advantage  of  per¬ 
mitting  a  reliable  theoretical  calculation  of  the  inviscid 
How  around  and  through  them.  Indeed,  Wf.issi.nokii 
developed  a  computation  method  [10]  which  seems  to 
give  good  results  even  up  to  considerable  incidences 
(cf.  [5]l. 

3.0.3.  .According  lo  an  (arbitrary,  but  for  all  practical 
purposes  accepted)  definition  *,  cylindrical  ducts  are 
considered  as  “ring  airfoils”  only  for  /.  l.jl)  <  2. 

On  the  other  hand,  we  are  interested,  for  purposes  of 
comparison  with  plane  wings,  in  the  behavior  of  the  How 
for  X  — ►  0. 

This  (and  questions  of  rapid  convergence  of  the  Wr.is- 
si.NCF.R  method)  leads  lo  the  restriction  of  our  investiga¬ 
tions  to  ring  airfoils  with  0  <  X  <  2. 


3.1.4.  The  elTects  of  the  outer  line  distribution,  for  an 
infinitely  lliin  wing,  are  calculated  by  means  of  decompo¬ 
sition  in  double  Foijrif.ii  series,  of  the  profile  form  as 
well  as  of  the  distribution  of  the  circulation  on  the  basic, 
cylinder. 

3.1.5.  Fig.  3.2  shows  the  profile-thickness  distribution 

II 

with  the  calculated  distribution  of  t  [1)  =  Y,  t)  sin  /  D 

I  -- 1 

(.see  [5],  §  1.1.3. 2.)  on  the  one  hand,  and  that  of  the  N.ACA 
f>f>-006  profile,  on  the  other  hand. 

The  two  curves  agree  very  well  one  with  another. 

.‘t.t.O.  In  Wkissixgkii’s  method,  the  ociairring  axial 
fflority  represen Ls  the  result  of  a  linear  superposition  of 
three  induced  speeds  with  the  axial  component  of  the 
free-stream  velocit.’. 

3.1. fi.l.  The  induced  speeds  are  the  following  ones  : 

it 

induced  by  the  (lliickness-)  source  distriliution 

* 

prodiicod  by  the  thickness-induced  vortex  distribution 

*'■  * 

'-p-  iiiiliired  by  the  incidem-e-generaled  vortex  distribution. 

3.1. G.2.  Hy  linear  combination  of  Ibe  velocities,  we 
obtain  the  final  result  ; 


3.0.4.  As  representative  cases  were  chosen  those  of  ring 
airfoils  with  X  --  I.  X  —  0,,5  and  X  ■  0,2. 

For  these  cases,  with  .\.\C.\  (iO-OOG  profiles,  the  invi.scid 
How  over  the  (outer)  upper  surface  of  the  airfoil  has  been 
computed,  for  a  certain  number  of  (not  loo  great  *♦)  inci¬ 
dences,  by  Wkissixofr's  method: 

3.1.  Hrief  Outline  of  the  W'Kissi.xcr.ii  .Method  (see  [.5]). 

3.1.1.  In  a  series  of  studies  and  reports,  .1.  W'kissixgkii 
developes  a  theory  of  linearized  treatment  for  the  calcu¬ 
lation  of  the  aerodynamic  coetficienls  of  annular  wings. 

3.1.2.  The  linearization  permits  a  se|>aralion  of  form 
—  and  thickness  —  effects,  the  first  ones  lieing  .nllached 
lo  the  distribution  of  center  lines  around  the  annular 
wing,  the  second' ones  lo  the  local  thickness  of  the  airfoil. 

In  accordance  with  the  linear  theory,  all  the  limiting 
and  boundary  conditions  of  the  problem,  as  well  in  the 
case  of  form  —  as  in  the  case  of  thickness  —  elTecls,  are 
localized  on  a  basic  (straight  circular)  cylinder  of  radius  /f 
chosen  as  an  (optimum)  approximation  of  the  real  configu¬ 
ration  and  placed  parallel  lo  the  air  fio'.v  at  infinity. 

3.1.3.  This  latter  condition  is  maintained  even  in  the 
case  of  an  inclined  straight  cylinder.  A  careful  distinction 
must,  therefore,  be  made  between  this  “basic  cylinder” 
having  its  axis  always  parallel  lo  the  Mow,  and  the  real 
wing  of  may-be  cylindrical  form  [fig.  3.!  shows  the  coi-rdi- 
nales  applied  in  Wkissixckh’s  [5]  calculation  method). 


<•)  Kstal»)ish<*d  by  llnj  US  iNtloiil  onirc. 

(••)  I.IiiiIUmI  lo  iiirlfJ(‘nrrs  i  <  i,r4t.  when;  i,,M  Is  lli«*  rrillral  hirl- 
iloriro  rr»r  stallfij  flow  on  thr  upper  siiifaee;  the  list  of  Irieldeiiees 
in  ftinelion  of  >.  Is  {riven  in  foMe  3.1. 


iMJS  i 


l  \  ■  cos  9 


(ros  9 


3.1.7.  For  till'  calculation  of  the  rirnimjfri'aliiil  I'rlorily, 
Wkissi.vckii  (ref.  [10])  found  the  following  results: 

The  total  i:ircuinferenlial  velocity  c-  at  the  surface  is 
the  combination  of  the  cin;umferenlial  mainstream  com¬ 
ponent  t-  ■  sin  9  of  the  mean  induced  velocity  c„  and 
of  the  non-continuous  term  of  o[>posilc  signs  on  both 
sides  of  Ibe  surfai-e.  the  absolute  value  of  which  being 
that  of  the  axial  vorlicily. 


c=  =  r. 


sin  9 


-r  <’?, 


with  the  sign  -r  for  the  outer  side  of  the  wing  surface 
and  the  sign  —  for  the  inner  side  of  the  wing  surface. 

3.1.8.  Tablfs  AI  —  .1.7*  give  for  the  different  X  the 
results  which  permit  the  determination  of  the  different 
elementary  velocities: 

Izs,  'Ji!!.,  'ji  *'!? 

IjJ  Uj  cos  9  sin  9 


1.8.1.  Once  the  velocities  p-  and  -p-  are  known,  one 

can  desi{»:n  llie  volocily  ndd  which  ffives»  by  intcpralion, 
the  streamlines  of  the  potential  How  of  the  airfoil. 

3. 1.8.2.  Tabten  .12  a/ia  .1.7  correspond  lo  a  constant  dislri- 
bulioa  of  loccd  im-idence,  i.e.  lo  a  straight  profile-center 
fine. 

For  the  calculation,  we  pul  i,'"’  (E)  I  ([5]  §  t.I.I.I.) 


(•)  .Sec  remark  In  the  .Annex. 
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.1.1.9.  The  axial  velocities 


and  circumferential  veloc¬ 


ities  ■—  for  the  dilTerent  X  and  incidences  have  been 

employed  for  computation  of  the  pressure  coclllcient  /T,, 
after  Rkhxoui.i.i. 


h\ 


3.1. 10.  Fig.  3.3  —  3.7  show  the  dislrihution  of  A",  in 
function  of  ;  for  9  “  180",  for  a  ring  airfoil  with  X  -=  I 
and  incidences  j  —  0°,  i  =  9”,  i  —  I'l",  i  —  18“  and  i  —  21". 

Kg  is  plotted  apiinst  the  pressure  coefficients  me;isured 
in  St-Louis  (.see  [.'ll  S  2.i.2.|. 

Up  to  an  angle  of  incidence  i  ---■  l.'i"  the  i)ressure  coeiri- 
cients  calculated  here  coincide  (|uite  well  with  Tueasured 
ones,  where.as  for  1  ^  18“  and  1  —  21"  the  difference  bet¬ 
ween  the  results  shows  more  important. 


I.t.tt.  Fig.  3.S  —  3.W  represent  the  velocity  distribu- 

lion  in  function  of  .<  for  different  streamstri|>s.  .>.■  is 

the  mean  direction  in  each  slreamstrip  (see  §  t.i.t.)  of 
tile  outer  (upper)  part  of  the  airfoil.  .\s  examples  for  dif¬ 
ferent  ring  airfoils  we  have  given: 


for  X  —  I  the  velocity  distribution  for  i  I.V' 
for  X  -  0..'.  that  of  I  9" 

ami  for  X  <i.2  that  of  i  r>". 


Thus,  we  have  furnished  three  examples  which  remain 
on  the  safe  side  of  the  beginning  stall  of  the  airfoil  and 
which,  therefore,  give  a  certain  presumption  that  Wkis- 
sixcek's  theory  mat  still  apply. 


3. 1. 12.  Tobtra  .1./  —  .t/.j* (••)  show  A'„  <-alculated  with 
Wkissixuf.h's  method  (to]  for  the  differeiit  ring  airfoils 
with  incidence  (see  !(  3.o.'i.). 


3.2.  The  corresponiling  tests  in  the  windtunnel  at  I’oi- 
TiEns  (characteristics  of  the  tunnel  see  S  1. 2. 1  have  been 
executed  on  three  models  with  profiles  N.\('..\  f>f>-00r>: 


Its  inffuencc  on  the  flow  at  the  upper  (outer)  part  of  the 
model  surface,  where  all  observations  will  be  carried  out, 
is  negligible;  on  the  other  hand,  this  means  of  fixation 
permits  —  apart  from  stiffening  the  model  —  a  very 
convenient  determination  of  the  model’s  incidence  ♦. 

3.2.2.  Wooden  model  of  X  =  0,5  with  L  —  0,3  m  and 
D  —  0,6  m  (see  fig.  3.14).  The  same  kind  of  fixation  as  for 
the  preceding  model  has  been  utilized. 

3.2.3.  The  model  X  =  I  made  of  electron  luis  been  chosen 
in  the  following  dimensions  •.  L  —  T)  —  0,'i0  m  (see 
fig.  3.13).  The  pressure  distribution  along  the  profile  of 
llie  annular  wing  has  been  obtained  by  means  of  21  pickups 
(I  mm  inferior  diameter,  2  mm  exterior  diameter)  connec¬ 
ted  to  the  water  columns  of  a  miiltirnanometer;  10  pickups 
on  the  exterior  surface,  10  on  the  inner  surface  and 
f  pickup  at  the  loading  edge,  which  latter  gives  the  total 
pressure.  The  pressure  tubes  were  lodged  in  milled  slots 
which  were,  afterwards,  filled  up  with  .\raldit  fo  recon- 
stifute  a  smooth  wing  surface. 

3.2.3. 1 .  The  St-1,oijis’  tests  have  been  executed  not 
only  in  order  to  obtain  visualisations  of  the  boundary 
layer,  but  also  measurements  of  the  aerodynamical  forces. 
The  model  was  therefore  hung  ii[>  by  means  of  steel  wires 
and  thus  controlled  by  contact  and  by  means  of  an 
electrical  motor  the  beam  movements  of  an  eleclro- 
ineclianical  6  components-balance. 

3. 2. 3. 2.  "file  PoiTiKiis'  tests  liaving  been  restricted  to 
visualisations  of  the  boundary  layer,  it  was  jiossible  to 
fix  the  model  in  the  same  simple  and  practical  manner  as 
the  models  X  0.2  and  X  -  0,5,  i.e.  by  me.'ins  of  a  profiled 
Iraiisversal  liar  (see  e.g.  fig.  H)  permilling  ipiick  deter- 
minalions  of  the  test  intrideru’es. 

3.3.  .Ml  models  have  been  painted  in  dull-white  (to  avoid 
reflections  of  liglil,  especially  with  Hash  photos):  different 
kinds  of  ointment  (mixtures  of  petroleum  and  lampblack, 
talc  or  magnesium  carbonate;  have  been  tried,  on  the 
viewjioiiil  of  pliolography  as  well  as  on  tbaf  of  visual¬ 
isation  strictly  speaking. 

Rest  results  have  been  obtained  with  an  ointment 
conipo.siMl  of  a  mixture  of  petrol  and  lam|d.>lack.  ,\ll 
pictures  of  the  series  .\.  11.  C  and  I)  have  been  taken  in 
this  way. 


3.2.1.  Wooden  model  of  X  -  0.2  with  /,  0,2  m  and 

D  -=  I  111,  as  represented  by  fig.  3.11.  Its  dimensions  have 
lieen  chosen  in  function  of  the  diameter  of  the  test  section 
of  the  tunnel,  in  order  to  reiliK'c  the  wall  iullueiice  to  a 
minimum: 

3. 2.1.1.  Tile  complete  velocity  liehl  outside  a  ringfoil 
of  X  —  0,2  and  of  profile  N.\(X\  "66-006  has  tu-en  l•alculaled 
(fig.  3.12),  according  to  Wkissi.mikh,  for  a  maximal  inci¬ 
dence  of  ~  20"  envisaged  ♦*. 

The  ratio  of  airfoil  and  test-section  diameters  has  been 
fixed  so  as  to  ensure  a  maximum  deviation  between 
streamlines  and  tunnel  wall  of  5%,  where  ac<-oiint  is 
already  taken  of  the  boundary  laver  disfilacement-tliickness 
of  tunnel  and  model. 

3.2. 1.2.  To  avoid  deformations  of  the  (not  very  rigid  and 
—  .see  fig.  3.13 —  heavily  loaded)  model,  its  fixation  in 
the  tunnel  is  made  (instead  of  strings  as  in  the  case  of 
the  model  for  X  —  1 ,  see  §  3.2.3.  lielow)  by  means  of  a 
profiled  bar,  traversing  horizontally  tunnel  and  model. 


3.1.  The  tests  carried  out  at  the  ISL  in  1959,  and  those 
performed  at  I’oitikhs,  have  shown  different  values  of 
incidence  for  identic, d  How  configurations  on  the  airfoil 
X  I. 

3.1.1.  Tlii.s  can  lie  explained  by  the  fact  that  the  two 
windtunnels  are  of  ilifforent  type: 

Tile  windtunnel  at  .'^t-Loi  is  presents  (cf.  [5J)  a  free 
vein  wilboiit  noticeable  effect  of  the  walls,  whereas  the 
windtunnel  at  Poitiers  (§  1.2.)  has  a  guided  vein. 

3. '1.2.  For  a  guided  vein,  the  induced  speed  corresponds 
to  an  increase  of  incidence,  whereas,  for  a  free  vein,  it 
means  diminution  of  incidence.  ,\t  similar  lift,  if  i,  is  the 
geometrical  incidence  for  a  guided  vein,  one  can  write  for 
a  free  vein 

i  =  ij  —  Si 

Si,  which  has  a  value  ..f  aiioiit  3"  for  high  incidences 
(21"  at  Poitiers  corresriond  to  18“  at  St-Louis)  becomes 
zero  for  axial  tlcw  (/  0).  Fig.  3. Ill  gives  the  variation 

of  Si  in  fuiiclion  of  the  angle  of  incidence  of  a  ring  airfoil 
in  the  guided  vein. 


(•)  .See  rcin.Trk  In  llie  Annex. 

(••)  In  realily,  only  Inelilenees  of  alionl  10”  riroveil  neee.ssary; 
inileeil,  coiniilele  stall  oceiirreil  already  at  ~  !l..')“,  ef.  fir/.  CT  — 
and  toMe  .1./. 


(•)  For  llie  dllTereiiee  lielween  (reonielrleal  and  aenidynainieal 
iiieiileiice  in  dllTerenl  types  of  Innnels  ( IMi,\.M)TI.  and  Kikkki. 

type),  .see  S 


SEPARATION  AND  REATTACIIMENT  ON  RING  AIRFOILS 


3.5.  The  influence  of  the  Reynolds  number  on  the  dif¬ 
ferent  “constants”  in  the  cotp  0„  formula  bcinj'  still 
unknown,  it  seemed  essential  to  perform  all  tests  at  com¬ 
parable  Reynolds  numbers3li.=  — 

.3.5.1.  The  range  of  tunnelspeeds  at  Poitiers  being 
limited  between  28  ni/s  and  50  in /s  (cf.  §  1.2.),  the  tests  on 
the  (X  =  1)  —  model  had  to  be  e.vecuted  at  28  m /s,  those 
on  the  (X  =  0,5)  —  model  at  37  m  /s  and  those  on  the 
(X  =  0,2)  —  model  at  'i5  m/s. 

3.5.2.  The  two  cases  X  I  and  X  =  0,5  thus  show  the 
same  Reynolds  number  of  about  0,8-10* (••);  in  the  case 
X  =  0,2  tl.e  upper  linut  of  the  tunnelspeed  permitted  only 
a  number  of  =  0,65-  10*,  but  always  of  the  same  order. 

3.f>.  -Mler  each  lest,  photos  were  taken  to  show  the  final  • 
pattern  of  the  visualized  wall  streamlines.  The  results  can 
be  seen  in  /ig.  .-I  J  —  .-I  S,  HI  —  II  12,  C  I  —  C  12. 

Only  the  picture  C  12  has  been  obtained  in  a  dilTerenl 
manner :  To  show  the  beginning  of  the  flow  organization 
on  the  back  of  the  airfoil,  a  llasli  of  the  starting  configu¬ 
ration  lias  been  taken. 

3.7.  l■'or  X  0,  resulls  from  an  iinpiiblislied  ONER.V  lest 
series  (executed  at  Ca.nxks  on  plane  wings  between  panels) 
were  available.  These  wings  had  sharp  leading  edges  and 
showed  different  profiles.  Separation  and  stall  were  deter¬ 
mined  by  means  of  tuft  studies  and  with  tlie  help  of 
smoke  i.ssued  from  slots  in  the  surface. 

3.7.1.  The  results,  therefore,  were  less  accurate  than  those 
of  the  very  carefully  executed  tests  of  Poitikhs.  They  gave 
critical  incidences  varying,  for  the  dilTerenl  profiles, 
between  i.nt  -  5"  and  i,.rn  -  7". 

3.7.2.  Neverlhele.ss.  ttiese  results  permit  an  (at  leasti 
(jiialitative  control  of  tlie  extrapolation  of  the  lest  resulls. 
obtained  at  Poitiers,  towards  X  -=  0.  This  has  been  done 
(cf.  S  3.10,3.  and  fig.  -l.i'M  and  leads  to  a  satisfactory 
agreement. 

3.8.  From  the  photos  (.\l  —  .MO,  Rl  —  HI2,  Cl  — 
Cl  2),  one  can  easily  see  that  in  all  cases  ami  for  all  inci¬ 
dences  (below  the  critical  one,  defined  by  tlie  contact 
between  the  separated  areas  on  the  upper  side  of  the  air¬ 
foil,  cf.  §  3.0. 'i),  the  flow  configuration  is  —  at  least  in 
principle  —  the  same,  correspomling  to  that  sketched  in 

3.8.1.  Close  to  the  leailing  edge,  and  —  broadly  speak¬ 
ing —  approximately  parallel  to  it,  a  (probably  laminar) 
separation  of  the  boundary  layer  lakes  place  over  about 
180®  leading-edge  perimeter  (upper  half  of  tlie  outside  of 
the  ring  airfoil).  Behind  this  sepanitioii  line  is  located  an 
ajiproximately  heart-shaped  sejiaraled  area  (“bubble”) 
with  organized  flow  in  its  interior:  tuft  studies  ••  have 
shown  that  its  thickness  is  very  small,  so  that  the  shear 
layer  between  this  separated  area  and  Die  i>olential  How 
over  the  upper  side  of  the  airfoil  remains  very  clo.se  to 
the  wall,  cf.  pg.  3.17.  In  first  approximation,  the  shearlayer 
may  therefore  be  a.ssimilafed  to  a  (turbulent)  boundary 
layer,  transition  occurring  in  it  generally  (see  5  3.11  for 
an  exception)  before  reatlachment. 

3.8.2.  Tlie  downstream  limit  of  tlie  bubble  is  a  realtach- 
ment  line  in  the  sense  of  §  2.'i.  and  2.5.,  followed  by  an 
ordinary  turbulent  boundary  layer. 

For  small  angles  of  incidence,  this  ordinary  turbulent 
boundary  layer  shows  no  trailing-edge  separation;  for 
larger  angles  of  incidence,  a  trailing-edge  separation,  as 
indicated  in  pg.  3.1H.,  makes  its  appearance. 


(•)  l.i».  afli*r  cva|iorali'»n  of  ihf 

(••)  Mailf*  in  l'jr>9al  Uif  ISL;  a  iit-w  ainl  mon*  systomalln  s<;ri«Hs 
Ilf  tests  Is  muter  way,  at  present,  in  the  “Lalioraloire  <ic  Mi*caiil«nie 
iles  Kliihles”  at  I^uitikhs  (Kraiiee). 


3.8.2.1.  Spreading  progressively,  it  comes  into  contact 
with  the  bubble  (“critical”  incidence,  i  =  ie.a),  creating 
thus  a  corridor  of  reflux  over  the  whole  upper  side  of  the 
airfoil  (“stalled”  flow,  see  pg.  3.20). 

Two  strong  shearlines  separate  the  flow  in  this  corridor 
from  the  not  separated  viscous  flow  over  the  flanks.  At 
the  forward  points  of  these  shearlines,  two  strong  vortices 
are  forming  which  can  be  seen  in  pg.  CO  —  C12\  cf.  too 
[II],  fig.  5. 

3.8. 2. 2.  Corridor  and  vortices  bring  about  a  strong  per¬ 
turbation  of  the  potential  flow,  so  that  —  contrary  to  the 
interval  i  <  („it  —  the  Wf.issisger  method  gives  here 
no  longer  trustworthy  results.  A  hope  of  theoretical  deter¬ 
mination  of  the  viscous  flow  configuration  exists,  there¬ 
fore,  only  for  incidences  U[>  to  the  critical  incidence; 
this  hope  is  still  further  restricted  bv  the  remarks  in 
Si  3.10.2.2. 

3.8.3.  .Vs  the  pg.  3.3  —  3.7  and  the  considerations  of 
§  2. '<.2.  sliow,  a  close  relation  exists  between  the  pressure 
distribution  over  the  airfoil  and  the  configuration  as 
sketclied  in  pg.  3. IS.  This  relation  is  illustrated  by  pg.  3.10. 
Witli  the  help  of  Wkissixckii’s  method,  this  relation  can 
be  easily  established,  at  least,  in  the  symmetry  plane  of 
the  ring  airfoil,  as  long  as  i  < 

This  gives  tlie  (a|)proxiinate)  position  of  the  points  of 
(laminar)  separation  at  the  leading  edge,  of  (turbulent) 
reattachment  and,  finally,  of  tlie  (turbulent)  trailing-edge 
separation  on  the  upper  side  of  the  ring  airfoil. 

3.8. 'i.  The  development  of. the  configuration  here  above 
describeii  has  lieen  very  carefully  analyzed,  in  the  Eiffki. 
wimilunnel  at  Poitiers,  for  X  0,2:  0,5  and  I  (see  pho- 

..|  /  _  A,v.  HI  —  HI2.  Cl  —  C12  and  1)1  —  1)3). 

3.8. 1.1.  The  resulls  of  this  anaivsis  have  been  reported 
in  tnMe.<  3.2  (I.  and  2.1.  3.3  (I.  aiid  2.),  3.!  (I.,  2.  and  3.) 
as  well  as  in  pg.  3.21,  3.22  and  3.23. 

It  can  lie  seen  that  Die  trailing-edge  se[>aration  is  very 
difliciilt  to  observ(‘:  only  for  X  --  I,  could  |uctures  yielding 
evidence  (1)1  —  113)  be  taken  :  the  results  can  be  fouml  in 
tfihlf  3.-I.3. 

In  all  other  cases,  a  strong  presumption  subsists,  that 
the  trailing-edge  separation  starts  immediately  before  the 
leading-edge  bubble  reaches  the  trailing  edge,  but  no  full 
proof  CO  'd  be  obtained  on  these  wings  of  insiilfieient 
depth;  cf.  the  remarks  in  the  2nd  Scientific  Report  (S^  1.3. 
and  2.2.1. 

:t.8.'i.2.  In  the  following  eonsidci’alions,  we  sli.ill  make 
this  assumption,  dearly  demonstrated  for  X  -  1,  .  ongly 

.suggested  for  X  -  0..5  lind  X  —  0,2  :  We  shall  suppose  that 
Hie  contact  between  leading-edge  bubble  and  trailing-edge 
.separation  is  established  immediately  before  the  bubble 
reaches  the  trailing  edge,  where  the  trailing-edge  separa¬ 
tion  had  just  had  the  time  to  start. 

3.8.  'i.3.  In  particular,  it  therefore  seems  reasonable  to 

as.sunie  for  9  180®  (i.e.  at  the  .symmetry  lino  on  the  upper 

.side  of  the  airfoil),  that  //  -  2  at  the  trailing-edge  Just 
before  i  —  i'cfr. 

3.8.5.  .5  very  important  conclusion  on  the  character  of 

the  reattachiiient  (turbulent  or  laminar)  will  be  drawn 
from  the  flow  pictures  cf  the  series  .\  —  Gina  following 
paragraph  (S  3.1 1.);  lor  the  moment,  we  will  consider  the 
whole  realtachmenl  as  turbulent  and  try,  with  this  assump¬ 
tion,  a  numerical  computation  of  the  realtachment  line 
in  the  best  established  case  of  the  three  (X  =  I). 

3.9.  This  computation  has  been  executed  for  the  three 
incidences  i  9®,  t  =  15®  and  1  =  18®  (incidences  in  terms 


14 


INTERIM  TECHNICAL  REPORT 


of  the  open  test-section  tunnel  of  the  ISL  at  St-Louis; 
the  corresponding  incidences  in  the  Eiffei,  tunnel  at 
Poitiers  are  —  cf.  fig.  3.l(i —  f,  ~  i,  ~  17“  and 

i,  ~  2I“). 

3.9.1.  The  case  i  —  9“  (cf.  Cl)  shows  a  very  small  and 
scarcely  developed  leading-edge  bubble,  practically  no 
sweep  of  the  wall  streamlines  in  the  non-separated  boundary 
layer  and  no  trace  at  all  of  any  Irailing-edge  separation. 

The  graphs  relative  to  this  case  have  been  presented  in 
the  (st  Scientific  Report;  the  results  are  of  no  particular 
interest  and  will  not  be  reproduced  here. 

3.9.2.  The  case  i  ==  15“  (fig.  1.5  and  C2]  presents  a  con¬ 
siderably  greater  interest;  it  will  be  treated  in  extenso 
hereafter : 

3. 9. 2.1.  Weissixcer’s  method  (see  S  3.1.)  permils  a 
complete  calculation  of  the  pressure  distribution  on  the 
upper  (outer)  surface  of  the  airfoil  and  thus  a  determina¬ 
tion  of  the  directional  field  of  the  inviscid  flow  on  this 
surface,  as  represented  by  the  numerical  tahlf.i  .-I/-.  13. 

The  integration  of  this  directional  field  yiehls  the  poten¬ 
tial  streamlines  and,  consequently,  the  delermination  of 
the  .«-coordinato  directions.  The  (;orrespondiiig  dirci-tions 
of  the  j-coordinate  are  the  orthogonal  trajectories  of  tlie 
foregoing. 

Graph  I  represents  the  streamlines  of  the  outer  How 
(potential  streamlines  at  the  wall)  lietwecn  9  .=  90“  and 
9=  180“  as  ineasured,  from  1 1.2.5“  to  1 1 ,25".  on  the  leading 
edge. 

The  streainslrips,  as  delineil  in  S  I.VI.,  have  been  deli¬ 
mited  by  each  two  of  these  streamlines  having  an  angular 
distance'  of  22'/.,"  (and  therefore  overlapping  one  another). 
.Ml  cliaracteristu;  values  in  these  stre.imstrips  (3j,  //,  etc.) 
have  been  associated  to  their  “miildle  line”  at  angular 
distance  of  1 1  I  /'t"  from  each  boundary. 

3. 9.2. 2.  The  knowlerlge  of  the  entire  pre.ssure  itistritui- 
tion  and  of  the  network  of  curvilinear  ••oordinales  (.v.  :) 

then  permits  the  determination  of  and  of  ^^-over  the 

Ox  oz 

whole  concerned  portion  (i.e.  the  iqiper  half  of  the  outsidei 

of  the  surface.  The  resulting  iso-  and  iso-  lines  are 

O.v  Oz 

represented  in  Graph  I. 

It  is  therefore  po.s.sil>le  to  apjdy,  streamstrifi  after 
streamstrip,  Tiu  ckexhiiout’s  formula  (S  l.i.I.I.)  for  Sj. 

3. 9. 2. 3.  Here  a  problem  arises  :  How  should  we  treat 
the  shear  layer  above  the  .ceparated  area  of  the  bubble, 
and  where  should  we  iissiim  tlie  transition  of  stiear  or  of 
boundary  layer  from  laminar  to  turbulent  How?  Even  in 
two-dimensional  theory,  no  pertinent  information  is  avail¬ 
able;  in  three  dimensions,  only  more  or  le.ss  rea.sonalde 
hypotheses  can  be  made.  It  was  therefore  <lecided  to 
consider  —  in  the  ab.sence  of  other  information  and  for 
the  sake  of  simplicity  —  the  shear  layer  as  in  first  a[)prox- 
imation  equivalent  to  a  turbulent  boundary  layer  whose 
outer  velocity  distribution  is  given  by  the  results  (!}  3. 9.2.1.) 
obtained  according  to  Wf.issixof.ii. 

No  attempt  has  been  made  to  calculate  the  laminar 
boundary  layer  lietwecn  leading  edge  and  leading-edge 
separation,  by  reason  of  Hie  inexactness  such  a  calculation 
would  necessarily  sulTer  from  the  extraordinarily  strong 
crossflow. 

On  the  oilier  hand,  the  initial  conditions  play,  in  all 
boundary-layer  calculations,  only  a  second-order  role  for 
the  features  sufficiently  far  downstream;  so  it  was  consid¬ 
ered  as  exact  enough  to  begin  the  calculalio.ns  according 
to  Trijckenbrodt,  in  each  streamstrip,  with  S,  -=  0  at  a 
conventional  position.  ,\s  such  a  conventional  beginning 


was  chosen  the  parallel  to  the  leading  edge  through  the 
(laminar)  separation  point  on  the  wing’s  symmetry  lino 
(9  =  180"). 

The  results  thus  obtained  for  S*  are  contained  in  the 
numerical  lable.’i  AlG  —  A2I. 

3. 9.2. 4.  With  these  values  of  the  outer  flow  and  of  8,, 
the  formula  of  Vox  Doemioff  and  Tetervi.n  for  d/l  jdx. 
togetherwith  Squire  and  Youxe’s  formula  forT,(§1.4.1.2.), 
permits  the  determination  of  H  in  the  whole  region. 

As  initial  value  of  //,  corresponding  to  Sj  =  0,  has  been 
acsiimcd  //  •=  l,28f»;  a  variation  of  this  value  within 
relatively  large  limits  (1,280  <  //  <  1,4)  had  only  a  very 
small  inlluenre  on  the  final  results. 

3. 9. 2. 5.  Tills  coiiqiiitalion  should  give,  on  the  symmetry 
line  (quasi  two-dimensional  streamstrip)  a  final  value  of  // 
(at  the  trailing  edge)  of  approximately  //  —  2  *. 

However,  the  computation  (see  table  .122}  gave 
//  — -  1,475  instead  of  //  =  2.  As  already  pointed  out  in 
the  2nfl  Quarterly  Report  (§  I.2.),  this  seems  to  be  a  very 
complex  inlliience  of  three-dimensionality  on  the  form 
of  the  liirlmlenl  boundary  layer;  the  two-dimensional 
formulae  are  unable  to  account  for. 

careful  and  dctailcfl  experimental  and  theoretical 
investigation  should  he  undertaken  (and  is  planned  by 
the  RTZ  in  the  near  fulnre)  to  clarify  this  point  and  to 
buihl  up  a  three-dimensional  formula  for  the  develofimenl 
of  //. 

3.9.2.fi.  .Meanwliile,  the  following  considerations  may  be 
of  liel[i:  The  calculation  of  the  “longitudinal”  boundary 
layer  inside  Hie  .slreamslri|>.s  and  of  its  form  parameter  // 
should  he  liased  on  Hie  corresponding  component  of  the 
skin  friction,  wliicli  latter  is  acting  in  direction  of  the 
wall  streamlines  and  not  in  that  of  the  outer  llow. 

On  Hie  oilier  liand.  Hie  value  of  — ^  calculated 

r  L; 

by  Sqi  iiik  and  Yoi  xo's  formula  (tj  1.4. 1.2.1  for  tico-dimen- 
.sional  How,  is  siqiposed  to  he  an  exfire.ssioii  of  the  total 
skin  friction  in  direction  of  the  wallnear  llow.  For  the 
calculation  of  //  in  the  longitudinal  llow,  only  a  reduced 

value  r,  — should  therefore  tie  introduced  into  N’ox 
P  '  r 

Doeniiokf  and  Tktkiivi.x's  formula. 

.\l  least  in  the  (piasi  two-dimensional  llow  in  the  stream- 
strip  along  the  symmetry  line  of  the  ring  airfoil’s  upper 
side,  we  should  however  expecrl  a  reduction  factor  c,  =  I, 
which  is.  hy  virtue  of  what  has  lieen  said  in  5  3. 9. 2. 5., 
obviously  aat  the  case. 

3.9.2. 7.  'the  explanation  for  this  seeming  contradiction 
may  he  found  in  Hie  following  relleclions: 

The  crossHow,  which  disappears  everywhere  for  zero 
incidence,  reaches  on  the  Hanks  of  the  airfoil  considerable 
slreiiglh  at  the  a|ipeoach  of  i„ii.  This  cro.ssilow,  of  various 
strength  lliroiigli  Hie  boundary  layer,  changes  not  only 
the  velocity  profiles  and,  consequently.  Hie  local  form 
parameter  of  the  turbulent  boundary  layer,  but  also  the 
structure  of  the  turbulence  inside  the  layer.  .Such  a  change 
of  .structure  alTects  not  only  the  local  features  of  Hie  How, 
iiut  a.?",  by  turbulent  interaction,  ttic  features  (intensity 
and  dislribiiliop.  of  'lie  turbulent  eddies)  in  other  regions 
of  the  How  and  — in  particular  —  even  in  the  quasi 
i.wo-diinensional  sl.'‘-''::.i.iirip  in  the  svinmelry  plane 
if  -  180") 


(*.)  liirifHMK  thr  ioi)  .'iMcitis  to  hi' 

/»f;.  /.'5.  ’I'likiii?  acroiirit  of  llio  fart  Hint  on  llic'  niodri  the  last 
IG  inin  or  tin*  prollli*  had  tiron  cut  away  for  llie  sake  of  easier  fabri¬ 
cation.  we  can  consider  //  =  2  for  .v  =  '•(►n  as  reasonable. 
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3.9.2. 8.  No  means  of  detailed  calculation  of  such  an 
influence  of  the  crossflow  on  the  structure  of  turbulence 
—  and  therefore  on  the  form  parameter  —  being  known 
at  present,  it  has  been  decided  to  try  a  global  estimation 
(justified  by  the  above  mentioned  interaction  which  tends 
to  homogenize  these  effects  of  three-dimensionality)  of 
the  crossflow  action  by  tiie  adoption  of  a  unique  value 
of  the  reduction  factor  c,  over  the  whole  upperside  of  the 
surface. 

In  this  form,  tfie  factor  depends,  naturally,  on  X  and  t, 
but  not  on  .«  and  9;  we  have  c,  =  e,  (X,  1)  *. 

c,  should  tlien  be  determined  in  such  a  manner  as  to 
get  //  ~  2  near  the  trailing  edge  in  tlie  symmetry  plane, 
at  i  ~  ifrit. 

This  has  been  undertaker,  in  the  three  cxpi -iinen  tally 
checked  cases  (X  =  0,2;  0,5  and  I).  The  result  is  repre¬ 
sented  by  the  curves  of  fig.  3.24  and  3.2.'>. 

For  i  —  0",  wo  have-for  all  X's  :  c,  I  anil  thus 
c,  a  —  0,0288  (two-dimensional  value  in  Si.ifiUK  and 
Yol’xu's  formula). 


.3. 9.2. 9.  With  the  c,a-values  thus  determined,  //  has 
been  recalculated,  for  1  —  15“  and  X  -  I,  in  all  stream- 
strips.  The  corresponding  iso-//  lines  are  equally  repre¬ 
sented  in  Grnph  /. 


3.9.2.10.  The  formula  for  turbulent  wall  streamlines  as 
given  by  S  1.5. 5., 


cotg  0,  ^  0,7 


//  — 


IK, 

a* 


It 


f.28<i 


a: 


with  Cj  —  0  by  rea.son  of  the  obstacle's  symmetry,  then 
contains  only  one  unknown  iiuanfity  :  r,. 

This  quantity  can,  in  our  case,  he  determiued  liy  the 
following  argument  (see  Graph  /)  : 

aA' 

,'8ave  for  >  0,0|,  i.e.  for  values  verv  clo.se  to  the 

a.« 

leading-edge  se|iaration  and  therefore  well  iqisfream  from 
anv  possible  reattacliment.  al!  values  occur  twice 

a.« 

and  therefore  lead  to  two  singular  wall  sf  reamlines  on  the 
turbulent  part  of  the  wing’s  surface. 

If  c,  be.  therefore,  greater  than  0,01.  no  rea.sonable 


reattacliment  point  (i.e.  0,  =  -•  cotg  0„  0,  —  c,  ~  0, 

-  UA' 

cf.  §  2.7.)  can  be  found. 

If,  on  the  other  hand,  c,  <  0,0! ,  we  shall  find  two  distinct 
reattachment  [loints  or  —  in  the  case  of  c,  <  0.0075  — 
no  reattacliment  jinint  at  all.  For  c,  --  0.0075,  only  one 
reattacliment  point  would  occur,  luit  two  different  lines 

with  Op  —  would  have  their  origin  in  this  point.  None 

of  these  alternatives  seems  reasonable. 

However,  for  one  particular  value  of  c,  { -.  0.0035), 

the  seconil  (rearward)  branch  of  — ^  ”  —  c,  coincides  practi- 

o.s 

cally  over  the  whole  turbulent  region  with  a  branch  of 
^  K 

^  0  and  Is  Iherofore  cancelled  out: 
vz 

fC  \  I  ^  K 

—  0,00351  /  i.s  iindelerinined  and  thus  cotgOp  not 
necessarily  zero. 


(*)  A  morn  ran*ri]l  uii<l  not  only  trlolial  definllion  of  c.  i.s  in  liaml 
and  will  tin  discussed  in  a  furllicr  report.  In  this  case,  Cr  will  depend, 
equally,  on  s  and  9. 


For  this  value  of  c,  alone,  one  and  only  one  reattach¬ 
ment  line  of  reasonable  position  is  possible.  For  this  rea.son 
we  put  e,  =  0,0035. 

3.9.2.11.  It  is  now  possible  to  calculate,  step-by-step, 
the  turbulent  wall  streamlines  on  the  whole  upper  surface 
I'hc  result  can  be  seen  in  Graph  I : 

We  find  a  non-separated  turbulent  boundary  laver 

everywhere  downstream  of  the  first  branch  of  Mjf  =  -  . 

S.S  * 

The  lurbiilent  wall  streamlines  in  this  region  can  be 
followed  back  (upstream)  towards  the  critical  brunch  of 

~  c,;  at  its  approach,  they  form  a  (rearward)  envelope; 

moreover,  cotg  0,  changes  its  sign,  i.e.  the  (low  changes 
its  direction  at  the  passage  of  this  envelope. 

The  result  is  a  well-defined  reattachment  line,  limiting 
a  separated-llow  area  (bubble)  against  the  ordinarv  (non 
separated)  boundary  layer.  The  configuration  thus  obtained 
is  qualitatively  very  similar  to  the  experimental  pattern 
of  fig.  I..’}-,  moreover,  the  depth  of  the  bubble  is  smaller, 
but  still  comparable  in  size  to  that  of  the  observed  one. 

3.9.3.  The  case  i  —  18"  (critical  incidence  as  observed 
al  St-Loi'is  and  —  cf.  fig.  CC  for  i  =  21"  —  al  Poitiers) 
admits  a  similar  treatment,  again  with  c,  =  0,0035.  The 

second  branch  of  -r— ^  -  r.  i-oincides  here  not  onlv  with 

t).v  ' 

0,  but  —  moreover  —  with  //  —  2. 
oz 


The  corresponding  How  juillern  is  given  by  Graph  I! 
and  shows  a  complete  reverse  flow  over  the  whole  central 
I>art  of  the  wing’s  upjier  surface;  instead  of  a  reattacliment 


line  al  the  forward  branch  of  -r— 2  c.,  we  then  find  the 

Oil 

How  pattern  of  a  separation  line  with  (laminar?)  boundary- 
layer  flow  upstream  that  line.  This  has  been  discussed, 
in  detail,  in  the  tst  .‘'cientific  Report. 

Even  the  narrowing  of  the  corridor  near  the  contact 
of  //  — .  2  and  what  was  once  the  leading-eilge  bubble 
(cf.  fig.  CG  and  C12)  is  correctly  represented. 


3.9.'i.  These  results  seem  to  confirm  the  correctness  of 
the  foregoing  theoretical  and  numerical  considerations, 
al  least  in  the  qualitative  agreement  between  observations 
and  calculations.  We  are  still  very  far  from  a  reasonable 
quantitative  agreement;  moreover,  the  //  distribution 
could  only  be  obtained  by  an  empirical  (and  doubtful) 
determination  of  r,.  .Mucli  work  remains  therefore  to  be 
done. 


3.10.  The  other  two  cases  (X  —  0,5  and  X  --  0,2)  |, resent 
still  more  dllliculties: 


3.10.1.  Indeed,  the  extreme  smallness  of  the  chord 
<-ompalible  with  thediameterof  the  lest  section  al  Poitiers, 
made  a  correct  delerininalion  of  the  trailing-edge  sepa¬ 
ration  and  therefore  of  the  critical  incidence  very  difficult. 

3.10.2.  Unfortunately,  the  complementary  |)henomenon 
(large  diameter  and  therefore  an  abnormal  extension  of 
the  perimeter  of  the  leading  edge)  makes  a  reliable  deter¬ 
mination  of  ditficult,  if  not  impossible. 

or 

^  K. 

3.10.2.1.  As  shown  by  tig.  3.26  and  3.27,  no  line  =  0 

vZ 

could  he  analytically  found  in  these  cases  (represented 
is  X  =  0,2).  The  above  determination  of  therefore  does 
iiot  work  in  these  cases.  Experimental  checks  in  order  to 

IC 

camlrol  the  compulation  of  over  the  surface  of  the 
airfoil  are  under  way  at  Poitiers,  but  are  not  yet  concluded. 
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3.10.2.2.  There  is  prob.ably  still  another  explanation  of 
this  failuri',  explanation  recently  communicated  to  the 
author  in  conversation  by  Prof.  A.  Youno  (Queens, 
London); 


3.10.2.2.1.  In  two-dimensional  flow,  a  recent  work  of 
McOrecou  discussed  the  dilTerence  between  “short” 
and  “long”  bubbles.  The  first  are  characterised  by  pressure 
distributions  with  a  high  negative  peak,  steep  pressure 
rise  after  the  minimum  and  speedy  reattachmenl;  they 
have  an  almost  negligible  influence  on  the  theoretical 
pressure  distribution  over  the  profile. 

The  second  are  characterised  by  a  pre.ss!ire  distribution 
with  fiat  minimum,  slow  pressure  rise  and  retanled  rcat- 
tachment;  they  have  a  very  great  influence  on  the  theoret¬ 
ical  pressure  oisiribution  over  the  profile,  which  is  com¬ 
pletely  changed. 


3.10.2.2.2.  OwF.x  recentiv  gave  a  criterion  for  long 

*  tj  s 

bubbles:  they  are  observed  when  .‘/Isi  —  — — ' 


<  '..jO 


at  the  separation.  .Now,  S,  will  be  —  at  the  same  relative 
position  —  the  smaller  in  value,  the  smaller  the  chord 
length  of  the  profile  is;  for  ).  —  0,5  and  0,2,  .Us,  will  prob- 
ablv  be  below  this  critical  value. 


3.10.2.2.3.  From  a  physical  point  of  view,  the  criterion 
is  an  expression  of  the'  fact  that  the  relative  importance 
in  lhickne.ss,  and  therefore  the  thickness  distribution  over 
the  wing  profile,  is  differonl  for  X  =  I  an<l  X  =  0,5  and 
X  =  0,2,  and  will  be  tnore  and  more  difficult  lo  reconcile 
with  Weissixc.eii’s  method,  as  X  — «•  0. 

in  all  these  cases,  further  tests  with  careful  pressure 
measurements  and  experimentally  obtained  values  of 

L^Lr  and  will  be  nece.ssary.  It  appears  not  impossible 

OS 

that  with  a  inoasure<l  pressure  distribution  (current 
practice  in  boundary-layer  work)  the  method  of  jj 
will  once  more  be  apfilicable. 


3.10.3.  Nevertheless,  it  has  heen  possible,  from  the 
material  so  far  collected  (see  (!g.  A I  —  /IS  and  HI — •  Hl'J), 
lo  determine  even  in  these  two  cases  the  critical  incidence 
with  an  acceptable  precision.  This  permitted  an  extrapo¬ 
lation  of  the  lilies  towards  X  --  0.  extra|>olalion 

leading  to  fig.  ■'S.2S;  the  result  was  ~  6"  for  X  —  0, 
in  excellent  agreement  with  the  already  mentioned  result 
of  Caxxf.s  (cf.  §  3.7.1.  and  fl3]|. 


3.M.  On  nearly  all  pictures  of  the  series  .\,  M,  C.  and 
particularly  well  on  the  fig.  H3,  there  can  be  seen,  near 
the  "corners”  of  the  bubble,  but  not  coinciding  with  them, 
a  pair  of  dark  shadows  of  roughly  triangular  shape  which 
are  often  —  as  in  .1 1,  H2,  (  3  and  (faintly)  even  on  fig.  /.->  — 
prolonged  downstream  by  a  line  of  a[ii>roxima(ely  the 
direction  of  the  inviscid  streamlines. 


3.1  l.l.  .\t  closer  inspection,  on  all  these  pictures  —  and 
particularly  well  on  fig.  ]!r,  —  it  cun  be  established  thal 
the  reattachinent  line  undergoes,  at  the  passage  of  this 
dark  shadow,  an  abrupt  change  of  slojie  (I'f,  fig.  3.2!>)  : 
Indeed,  0,  becomes,  at  the  approach  of  the  corners, 

suddenly  closer  to  X'  than  in  the  irin^i’  part  (left-hand  side 

in  fig.  .3.2f))  of  the  reattacliment  line. 

3.11.2.  In  fig.  HU,  a  scale  has  been  represented  on  the 
[ihoto.  It  allows  the  estimation  : 


at 


37  •  0.03 


.  1 0‘  ~  8  •  1 0< 


This  small  Reynolds  number  suggests  the  e.xplanalioii 
that  the  part  of'  the  reattacliment  line  near  the  'onier, 
with  changed  slo[)C,  corresiionds  to  laminar  reattacliment. 

3.11.3.  The  dark  shadow  is  then  an  accumulation  of  the 
fluid  inside  the  bubble,  carried  along  the  separation  line 


towards  the  corners  and  unable  to  enter  the  corners  with 
their  reduced  section. 

Thus,  a  drop  is  forming  (which  could  be  directly  observed 
at  St-Louis)  that  breaks  through  the  surface  of  the  (flat) 
bubble.  Then,  its  upper  part  is  carried  away  by  the  outer 
flow  and  rains  progressively  down,  thus  explaining  the 
straight  lines,  prolongation  of  the  shadows  in  downstream 
direction. 

3.11. 'i.  The  described  computation  method  (see  §  3.0.) 
is  not  sensitive  enough  to  take  account  of  the  (not  very 
important)  laminar  part  of  the  reattachment  line.Never- 
thclcss,  the  evidence  for  laminar  reattacliment  is  of  inte¬ 
rest. 

3.12.1.  Recently,  T.W’.F.  .Mooiif.  reconsidered,  in 
two  publications  ('[I'l],  [15]),  the  problem  of  leading-edge 
bubbles  in  two-dimensional  Mow. 

3.12.1.1.  He  confirmed  Owen's  criterion,  as  mentioned 
in  §  3.10.2.2.,  and  associaled  long-tyiie  bubbles  (;«s,  <  'i50) 
with  a  “delayed  transition”  anil,  therefore,  with  laminar 
reattacliment;  the  same  observation  has  eipially  been 
made  at  the  O.NHR.X  (Paris)  by  II.  Weiu.k. 

3.12.1.2.  Short-l.vpe  bubbles  ^Hn^  >  'i5n)  are,  in  the 
same  order  of  ideas,  followed  by  turbulent  reattacliment, 
transition  taking  [ilace  already  in  the  shear  layer  above 
the  bubble. 

3.12.2.  In  his  work,  .Mooiik  gives  an  eipiivalent  criterion 
lo  thal  of  Owen,  but  which  is  much  more  “handy”; 

3.12.2.1.  He  introduces  a  "pri'ssiire-rei-overy  coefficient” 

t*  _  t' 

„  — 21 - _£?.  formed  with  the  pre.ssure  coefficient 

I  —  Kpi 

measured  at  separation  (/»,)  and  at  transition  (p,).  cf. 
the  legend  to  fig.  .3. It). 

3.12.2.2.  it  is.  indeeil,  easier  to  measure  p|  and  pj  Hum 
lo  determine  S,  at  the  leading-edge  separation. 

3.12.2.3.  If  a  increases  (whii’h  happens  for  iiu'reasing 
incidence)  towards  a  critical  value  of  about  0,37,  the  until 
then  short-type  bubble  becomes  all  at  once  of  the  long 
tvpe.  delaying  transition  in  tin*  shear  layer  and  thus 
reducing  I  he  value  of  which  remains  always  under  0,37. 

3.12.3.  In  three-dimensional  flow,  as  e.g.  for  the  annular 
wing,  p,  and  pj,  and  tlierefore  o  are  functions  not  only  of 
inciden>-e,  but  too  of  the  angular  position  7. 

3.12.3.1.  rims  the  cliaracter  of  the  bubble  may  change 
with  9  al.so,  and  iiiiiuce  Hie  coexistence  of  long  Ivfic  'md 
of  short  Ivpes  on  the  same  airfoil  and  even  in  llio  same 
bubble. 

'!.I2.3.2.  Ueallachment  may,  therefore,  be  partly  turbu¬ 
lent  and  partly  laminar,  which  agrees  with  (iS  3.11.2  and 

3.1 1.3. 

3.12.  '1.  Now,  Ihe  long-type  bubbles  change  completely 
the  pre.ssure  distribution  on  the  airfoil;  even  if  onl.v  very 
small  (lortions  of  the  leading-edge  bubble  are  of  long 
tvfie.  their  (alwa.vs  visible)  [iresence  near  the  bubble’s 
corners  have,  at  least  in  the  wake  of  this  part  of  the  bubble, 
a  strong  inlluence  on  the  pre.ssure  distribution  in  the 
jiffectoil  region. 

3.12.5.  Weissixceii's  iiieH’.od  will,  therefore,  always  lead 
to  locally  erroneous  renulls  when  a  leading-edge  bubble 
with  laminar  reattaching  corners  appears;  in  particular 
near  the  straight  dark  lines  mentioned  in  §  3.11.3,  values 
ol  h/fp/S-s  and  5A'„/5:  will  be  wrong  when  calculated 
with  Weissi.nceu’s  method. 

3.12.6.  The  necessity  of  fiirlher  carefully  executed  and 
systematic  measuring  tests,  expressed  in  §  3.10.2.2.3.; 
is  thus  strongly  underlined. 
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Conclusion 


■'i.O.  _  A  Uieorelical  nielliod  of  predicting  llie  developitienl 
of  viscous  flow  over  ring  airfoils  lias  been  developed  at 
HTZ,  in  collaboration  with  ISL,  ONERA,  the  I.aboratoire 
de  iMt'canique  des  Fluides  de  TUniversitu  de  PoiTicnsand 
the  corresponding  Laboratoire  of  the  Lavai,  University 
at  Quebec. 

This  method,  which  is  based  on  Weissinceh’s  method 
of  determination  of  the  inviscid  How  over  ring  airfoils 
and  on  Eiciielbiienneii’s  general  conceptions  of  three- 
dimensional  boundary  layers  in  laminar  and  turhuicnt 
How,  permits  in  certain  cases  of  mean  aspect  ratio  (about 

~  1)  even  numerical  compulations  of  the  How  pattern 
at  various  incidences  and  a  correct  estimation  of  the 
critical  incidence  for  three-dimensional  stall  (contact 
between  leading-edge  and  trailing-edge  separation). 

Experimental  tests,  carried  out  iirincipally  at  Poitiehs, 
showed  the  correctness  of  the  tlieory’s  predictions  and 
permitted  a  detailed  control  of  the  e.ssential  hypotheses. 
They  permitted,  moreover,  to  pass  —  for  the  critical 
incidence  —  to  the  limit  >.  =  0  (plane  wing)  and  to  slate 
full  agreeineul  of  this  limit  with  (unpublished)  experi¬ 
mental  data  obtained  at  the  O.VERA  wind-tunnel  in 
Cannes  (France). 

Much  work  remains  still  to  be  done;  n evert lieless,  a 
first  step  in  the  direction  of  actual  computation  of  viscous 
How  over  three-dimensional  obstacles  in  the  turbulent 
ease  has  been  accomplished. 

Theoretically,  the  treatment  of  separation  phenomena 
(leading-edge  inibble.  reattachment  and  separation)  .seems 
to  be  well  under  way. 

i.l.  It  seems  that  in  the  foregoing  analysis,  the  following 
points  have  been  confirmed  and  may  bo  considered,  for 
future  investigations,  its  established. 

'i.I.I.  The  existence  and  regularity  of  wall  streamlines 
even  in  tlie  case  of  turbulent  boundary  layers  and  there¬ 
fore  the  correctness  of  Ueoknuhk's  “regularity  hypoth¬ 
esis”  at  least  for  predominantly  convex  obstacles. 

1.1.2.  The  concept  of  .sejiaration  (in  laminarand  turbulent 
How)  in  three  dimensions  and  the  definition  of  the  sep.ara- 
tion  line  as  limiting  wall  streamline  ("forward  eiivelojie" 


of  wall  streamlines  in  a  not  quite  correct,  but  convenient 
expression). 

•'i.l..'t.  The  treatment  of  realtachment  as  inverse  problem 
of  separation  (as  well  in  laminar  as  in  turbulent  How)  and 
the  definition  of  the  realtachment  line  as  singular  wall 
streamline  (“rearward  envelope”  of  wall  streamlines). 

'i.t.'i.  The  explanation  of  the  particular  form  of  stall  on 
the  ujiper  side  of  ring  airfoils  as  contact  phenomenon 
(between  leading-edge  bubble  and  trailing-edge  separation). 
This  has  an  immediate  application  to  engineering  prob¬ 
lems  in  the  case  of  precambered  [irofiles  to  avoid  or  to 
reduce  the  leading-edge  bubble,  as  set  out  in  [.o]  and  [II] 
(foregoing  investigations  of  HTZ). 

i.2.  The  greatest  diHicully  which  has  been  encountered 
and  which  still  subsists,  is  the  |)roblem  of  behavior  and 
structure  of  turbulent  boundary  layers  in  three-dimensional 
How,  and  in  particular  in  regions  of  strong  cro.ssnow, 
.Much  work  remains  to  bo  done,  and  reliable  numerical 
com|)utalion  of  three-dimensional  boundary  layers  will 
depenrl  on  Ibis  point. 

.Vnolher  very  important  (loint  is  the  inlhience,  in 
function  of  Reynolds  number  and  asi)ecl  ratio,  of  separated 
regions  on  the  determination  of  the  inviscid  How  over  an 
airfoil.  In  .some  cases  (as  in  the  foregoing  analysis  the  wings 
of  low  aspect  ratio.  >,  ^  0,5  and  >.  =  0,2)  the  elTective 
form  of  the  obstacle  may  be  so  seriously  clianged  by  these 
-separated  regions  and  especi.'illy  by  leading-edge  bubbles 
of  the  “long”  type,  that  tlie  only  possibility  of  determining 
the  pressure  distribution  in  a  correct  manner  seems  to 
be,  for  the  moment,  its  e.\|)erimental  determination.  This 
is,  naturally,  unsatisfactory,  but  a  common  practice  even 
in  the  case  of  laminar  two-dimensional  boundary  layei-s, 
e.g.  in  the  simple  case  of  a  circular  cylinder  without  yaw 
(IIlKMKN/.). 

t.'i.  Treatment  of  com|ire.ssible  How  in  three  dimensions 
is  in  i)rincif>le  jio.ssible;  indeed,  cf.  [;t],  the  viscous  part 
of  the  foregoing  method  i>ermil.s,  theoreticall.v.  an  imme¬ 
diate  generalization  on  compressible  cases.  Practically, 
it  seems  to  be  too  early  to  think  of  still  more  comi>licaled 
calculations,  as  Ion;;  as  the  mentioned  liilliculties  remain. 
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